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Abstract

Two-dimensional ideal incompressible magnetohydrodynamic (MHD) linear waves at the surface of a
rotating sphere are studied as a model to imitate the outermost layer of the Earth’s core or the solar tachocline.
This thin conducting layer is permeated by a toroidal magnetic field the magnitude of which depends only on
the latitude. The Malkus background field, which is proportional to the sine of the colatitude, provides two
well-known groups of branches; on one branch, retrograde Alfvén waves gradually become fast magnetic
Rossby (MR) waves as the field amplitude decreases, and on the other, prograde Alfvén waves undergo a
gradual transition into slow MR waves. In the case of non-Malkus fields, we demonstrate that the associated
eigenvalue problems can yield a continuous spectrum instead of Alfvén and slow MR discrete modes. The
critical latitudes attributed to the Alfvén resonance eliminate these discrete eigenvalues and produce an infinite
number of singular eigenmodes. The theory of slowly varying wave trains in an inhomogeneous magnetic
field shows that a wave packet related to this continuous spectrum propagates toward a critical latitude
corresponding to the wave and is eventually absorbed there. The expected behaviour whereby the retrograde
propagating packets pertaining to the continuous spectrum approach the latitudes from the equatorial side
and the prograde ones approach from the polar side is consistent with the profiles of their eigenfunctions
derived using our numerical calculations. Further in-depth discussions of the Alfvén continuum would
develop the theory of the “wave—-mean field interaction” in the MHD system and the understanding of the
dynamics in such thin layers.
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1 Introduction

Geomagnetic and geodetic variations may be partially accounted for by magnetohydrodynamic (MHD) waves
within the Earth’s outer core (e.g. Iriana ef all, D027; Gillef ef all, D072 Hori ef all, P023). For example, Hide
(1966) suggested that the westward drift of the geomagnetic field may originate from slow magnetic Rossby (MR)
waves in the liquid core. Braginsky (T970) ascribed both the 60-year length-of-day and geomagnetic variations
to the torsional oscillations. If this type of attribution is substantiated, the comparison between observations and
the theory results in some inferences on the relevant physical quantities. Zatman and Bloxham (997) accepted
Braginsky’s (I970) explanation and inferred that the magnitude of the cylindrical radial field is approximately
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(a) Malkus field (B = 1). (b) B = cos¥.

Figure 1: Schematic illustrations of the profiles of the imposed toroidal magnetic fields By o< Bsin 6.

0.2mT. This suggestion was challenged by Gillef"ez all (20010), who associated the torsional oscillations (or
torsional waves) with 6-year length-of-day signals to conclude that its magnitude is approximately 2 mT.

A stably stratified layer at the top of the outer core has been proposed on various grounds. Simple thermal
(Gnbbins”ef all, T987) and compositional (Braginskyl, 1T984) stratification were first considered, and the recent
proposed physical mechanisms of stratification have become more sophisticated. For the thermal stratification,
a subadiabatic temperature gradient due to the high thermal conductivity of the core (Pozzo efall, D017,
et all, 2077 has been invoked, and for the compositional stratification, barodiffusion and chemical interactions
between the core and mantle (Buttett and Seagle, 2010; Gubbhins and Davied, P0T3; Brodholf and Badra, P01,
Davies ef all, POTR) and a remnant of the Moon-creating impact (Landeau_ef all, DOTH) were proposed. The
seismological evidence reported for such a layer has been a controversial subject (e.g. Helffrich and Kaneshima,
P0T0; Kaneshimad, DOTR; [rving ef all, POTR; van Tent ef all, P0711). Regional stratification — instead of global
stratification — owing to the core-mantle boundary (CMB) heterogeneity was also proposed (Moundef all, 2019).
The obscure properties of the layer could be inferred from the identification of the sources of geomagnetic and
geodetic signatures from the core.

Magnetic-Archimedes-Coriolis (MAC) and MR waves in such a stably stratified layer at the top of the
core have often been invoked as possible causes of geomagnetic fluctuations (Braginskyl, 1993, TY9R, 1999;
Buffefi, 20T4; Chnllafef all, DOTS; Buffeff ef all, POT6; Knezek and Butfefi, POTR; Chi-Durdn_efall, P0721). If a
stratified layer exists at the top of the core, the vigorous convection prevailing in the bulk of the core overshoots
the interface between the bulk and the layer (Iakehiro_and Lisfed, DO0T; Gasfine ef all, 07201) and can excite
MHD waves that travel in the layer (Jaupart and Butteti, P0T7; Consfon ef all, PUT7; Buffetf and Knezek, DUTX;
Bouffard et all, DO27).

Two-dimensional (2D) ideal incompressible MHD linear waves within a thin conducting fluid layer over a
rotating sphere are focused on in the present study. A non-uniform toroidal (¢-directional, ¢ being the longitude)
magnetic field is imposed on the fluid film as a background field, and the layer rotates rigidly with the sphere.
To investigate the suggestion of Hide (TY66), a similar problem was first considered by Stewarfson (1967), in
which the azimuthal main field is spatially uniform. Such a toroidal field does not vanish even at the north
and south poles (¢ = 0 and 7t, where 0 is the colatitude). One should therefore express the basic field as
Byy(8) = BoBsin with a constant By and a bounded continuous function B(cos ) (e.g. Gilman and Fox
19977; see Figure ). The simplest profile Byy = By sin ¢ in this expression, or B = 1, is equivalent to the well-
known Malkus field (e.g. Malkus 1967 PO0R; see Figure M(a)). This elementary 2D model is useful for
qualitatively understanding the wave dynamics in the thin layer at the top of the core.

The dispersion relation of 2D waves under the Malkus background field should be reviewed before moving
on to the main focus of this study. Under the Malkus field, the local Alfvén wave velocities are V() =
(Bo/+/Pofim) sin 8, which is proportional to sin 6, where p is a uniform density, and /iy, is the constant magnetic
permeability. If local Alfvén waves were excited at the same longitude but at different latitudes simultaneously,
they would travel with the same longitudinal angular velocity in a manner similar to rigid body rotation, as the
length of the circle of colatitude 6 is proportional to sin #, as shown in Figure [(a). This indicates that the Malkus
field at the surface of a sphere behaves like a uniform horizontal magnetic field and reduces our perturbation
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Figure 2: Nondimensional angular frequency A calculated from () as a function of the absolute value |«
of the Lehnert number when the zonal wavenumber m = 1. The left and right panels present retrograde
propagating waves (A < 0) and prograde ones (A > (). Fast MR waves forn = 1,2,...,10 are indicated by
the warm-coloured curves, while slow MR waves for n = 2,. .., 10 are indicated by the cool-coloured curves.
As |a| — oo, these modes approach the lines |A| o |a|' of Alfvén waves, with the exception of the case of
m=mn=1.

equations to a regular Sturm—Liouville problem because interior poles vanish (Boyd, T981)), as shown in Section
D. If the Malkus field permeates a rigidly rotating thin layer on top of a sphere having a radius Ry, the dispersion
relation for the 2D ideal incompressible MHD wave (Zaqarashvili ef al], 2007; Marquez-Artavia ef all, P017) is
given by

—m £ my/1+4a2n(n+ 1)[n(n +1) — 2]

A =
2n(n + 1) ’

6]

where A = w/2(2 is the angular frequency that is nondimensionalised by twice the constant (signed) rota-
tion rate 2. In the above expression, m denotes the (positive) zonal wavenumber, « = By/ 2029 Ro+/pofim
is the (signed) Lehnert number, and n is the degree of the associated Legendre polynomial P)'(cos#). Al-
though the Lehnert number is often defined as Le = 2|«/| in geophysics literature, we follow the precedents
mentioned above. The double sign in () corresponds to prograde and retrograde propagating Alfvén waves
A~ +tmlaly/1 —2/n(n+ 1) for a large value of |«/|, and the two classes of MR waves as |a| — 0: the slow
mode A\ ~ ma?[n(n + 1) — 2] peculiar to the MHD system and the fast mode A ~ —m/n(n + 1). The fast
mode is closely related to the well-known (hydrodynamic) Rossby waves in meteorology and oceanography
(e.g. Longuet-Higgins, T968). Figure D shows that the exponent of |« in a branch of A, or (0 log |\|/9 log |«|),
can be used to distinguish the three types of waves derived from (Il): Alfvén (A o< £|a|!), fast MR (A o< —|a|?),
and slow MR (\ o |a|?) waves.

The simplest equatorially antisymmetric non-Malkus field By, = Bpsinf cosf, or B = cos, should
be more appropriate for the Earth’s core than the pure Malkus field (Figure 0(b)). In the current study, we
focus our attention on the case of this basic field profile because MHD waves under a non-Malkus field are
poorly understood. It should be noted that the field is eastward in the northern hemisphere when By > 0 and
westward when By < 0. It is important that |o/| is significantly less than unity in the Earth’s core. If the field
strength | By| inside the core is several millitesla (Gillef ez all, 20T{), one can estimate that |a| ~ 10~ with
20 ~ +0.729 x 10~*s~1, Ry ~ 3480km, po ~ 10*kgm 3, and ptr, ~ 1.26 x 107 Hm 1.

Non-Malkus fields complicate our linear wave problem because regular singular points appear in the
governing equations, as demonstrated in Section D. The singular colatitudes § = 6. result from the Alfvén
resonance, at which the azimuthal phase speed |w|/(m/Ry sin 6.) of a wave is equal to the local Alfvén speed
]VA¢(9C)| = (|BoB(cos 90)|/\/M) sin 6. (e.g. Uberoi, 1977; Goedbloed and Poedfs, 2004). For a given
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angular frequency )\, such latitudes exist if min(B?) < A?/m?a? < max(B?). For example, such singular
latitudes ordinarily exist for low-frequency neutral modes under a non-Malkus configuration expressed by a
function B that has at least one zero in 0 < § < 7. Even if such points exist for a given angular frequency A,
however, its eigenmode can be constructed when its eigenfunction is permitted to have singular profiles only at
the points, and such singular modes are required for completeness (Van Kampen, 1955; Case, 1959; Barsfon,
1964). This means that its spectrum should include a continuous range, min(B2?) < \?2/m?a? < max(B?).
An eigenmode belonging to this continuous spectrum is hereinafter referred to as a “continuous eigenmode”
or “continuous mode”. In contrast to the eigenmode of a discrete spectrum, focusing on a single continuous
eigenmode is futile since its eigenfunction is singular at its corresponding critical latitudes. Nevertheless, the
integration (or superposition) with respect to A in which the integrand is the eigenfunctions weighted by a
coefficient depending only on A, which may be considered as the inverse Fourier transform, can constitute
a physically relevant solution. It should be noted that it is not always true that the Fourier transform of a
well-behaved function is not pathological. Solutions composed only of continuous eigenmodes do not exhibit
behaviour typical of collective oscillations by normal discrete eigenvalues but represent the transient growth
of initial disturbances (Farrell, T987) and non-diffusive attenuation (e.g. Adaml, T986). The latter involves
phase mixing and Landau damping, which cause algebraic decay (Casd, T960; Balmforfh-and Morrison, T995H)
and exponential decay (Landau, 1946; Briggs ef all, 1970; Sedlacek, 1971); Tafaronis and Grossmann, 1973),
respectively. These unintuitive aspects due to the advent of continuous spectra have long been discussed
in various research areas: inviscid shear flows, collisionless plasmas, ideal MHD systems, 2D vortices and
differentially rotating disks, self-gravitating systems, and the Kuramoto model (e.g. Adam, T986; Balmtforfhand
Morrison, 1995a; Strogatz, 2000; Barré ef all, DOTY).

Related instability problems may pertain to the dynamics of the solar tachocline underlying the convection
zone. Because unstable modes can be easily identified even in the presence of continuous spectra, this
circumstance is significantly different from that of the study of linear waves. Gilman-and Fox (1997, 19994 H)
and the subsequent research (Dikpafti and Gilman, T99Y; Gilman and Dikpati, 200(0; [Zagarashvili ef al], 20T04)
investigated the “joint instability” or “magnetic Rossby wave instability” arising in the tachocline, which can
occur in the MHD system accompanied by latitudinal differential rotation. According to these studies, some
non-axisymmetric infinitesimal perturbations are likely to destabilise the coexistence of the solar-like angular
velocity profile deduced from helioseismic observations and a variety of plausible toroidal field configurations
such as broad profiles written as By, = (Bo + B cos? ) sin § cos O (where By is also constant) or latitudinally
localised field bands expressed by Gaussian functions. These global unstable modes may play an important
role in the persistence of such a thin shear layer via the latitudinal transport of the angular momentum (Spiegel
and Zahn, T997) and place an upper limit on the strength of a toroidal field stored within the layer through the
w-effect (Arlf_ef all, PO074,H). The nonlinear evolution of the modes has been developed by Cally (2001) and
Cally ef al] (2003, 2004), who reported the novel “clamshell” and “tipping” patterns. Furthermore, viscosity
and magnetic diffusion were also introduced in the radial (Dikpati ez af], P1104)) and horizontal (Sharit'and Tones,
2009) directions in an anisotropic manner.

Even beyond the strict 2D model, stability analyses of the tachocline have been conducted. The MHD
shallow water equations (Gilman, 2000) and the three-dimensional (3D) thin shell model or “MHD hydrostatic
primitive” equations (Miesch and Gilman, P004)) were newly proposed for evaluating the impacts of subadiabatic
stratification and the weak vertical displacement of fluid particles. Gilman and Dikpati (?007) and Dikpati ef al.
(2Z003) demonstrated that the combinations of the differential rotation and toroidal fields in the shallow model
easily become unstable again and that the growing perturbations have non-zero kinetic helicities, which are
related to the a-effect (Moffaff, T97¥). Furthermore, unstable MR waves in the layer may have caused some of
the periodicities in the solar activity (Zagarashvili ef al] 20104, DOTS; Dikpati ef al] P0T7; Gachechiladze ef al’
2019; see [Zaqarashvili ef al] 071, for a review). For instance, nonlinear development in the MHD shallow
water system (Dikpati ef all, 2017, DITRA,R) indicated that MR waves exchange angular momentum with mean
fields and that their wave patterns deformed by consequent reconstructions of the mean profiles can trigger
nonlinear quasi-periodic oscillations. In addition, searches were performed not only for non-axisymmetric
unstable modes (Cally, P003; Gilman_ef all, 2007; Kitchatinov and Ridiger, Z00R), but also for axisymmetric
ones (Cally ef all, POOR; Dikpati ef al], 2009) in extensive studies of the 3D thin shell model. These studies
include nonlinear simulations of these growth modes (Miesch ef all, PO07; Hollerbach and Cally, 2009) and
linear stability analyses that took into consideration the vertical profiles of the differential rotation and the
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background toroidal field (Arlt_ef all, POO74,R).

Critical lines (or levels, latitudes, etc.) and their concomitant continuous modes have important bearings
even on unstable modes, which are beyond the scope of this study. Although the eigenfrequencies of unstable
modes are complex numbers, their eigenfunctions are affected by the positions of critical points, as demonstrated
by, e.g. Gilman and Fox (I9994) and Wang_ef al] (202274). Moreover, a neutral mode sometimes interacts with
continuous modes when the branch of the neutral one overlaps with the continuous spectrum. This results in
the appearance of a pair of unstable and decay modes ([ga, T999; [aniguchi and Ishiwatari, Z006) or non-modal
growth (Heifetz_ef all, P020). On the other hand, continuous spectra sometimes cover and hide the branches
of such interacting neutral modes ([ga, 2013). Therefore, we also intend to detail the critical latitudes and
neutral continuous eigenmodes in advance to understand the linear stability in similar problems (e.g. Wang
et all, P0727R), although our current problem does not comprise such unstable modes.

In contrast to the background magnetic field that we focus on in this paper, the dominant field may be radial
in the outermost Earth’s core owing to the small conductivity in the mantle (e.g. Knezek and Bufteff, DOTX).
Nevertheless, critical latitudes can remain important. This is because the latitudes often reside in equations
of similar eigenvalue problems when a radial background field depending on € passes through a thin layer
(e.g. the equations in Buffeff and Maftsui, 20TY). Although the critical latitudes are sometimes neglected in
approximations that are apparently appropriate for each target of study (Zagarashvili, P2UTS; Buffeff-and Mafsuii,
2019), it is unclear whether the simplifications that drop the Alfvén resonance are always valid or not. Thus,
it is necessary to scrutinise the influences of the critical latitudes on eigenmodes. Although a more realistic
model should have a combination of a toroidal and poloidal imposed field with a finite layer thickness (e.g.
Schmiff, DOT0; Gerick ef all, DO, Cuo”ef all, P077), our simplified model would help us to understand such
more complex, realistic ones.

Non-ideality and nonlinearity are also intimately related to the critical points. A small viscosity and magnetic
diffusion can transform a singular point on the real axis on the “fictional” complex plane of the involved spatial
coordinate into a complex turning point because the diffusion terms include higher-order derivatives (e.g. [Drazin
and Reid, T9K1; Shivamoggi, 1997). Since the eigenfunctions that we intend to determine are functions on
the real axis in the complex plane, they become non-singular with the removal of the singular points from the
real axis. This appears to indicate that it is necessary to recover these ignored damping terms. However, very
weak diffusions only result in thin boundary layers around the critical points (and near any walls), and the
eigenfunctions would still be similar to the profiles of continuous eigenmodes obtained from the non-diffusive
limit sufficiently outside the layers. The ideal model can, therefore, help us understand a weakly diffusive
system (Rincon and Rienford, PO03; Reese ef all, 2004). Although decaying normal modes due to measurable
dissipations (Sfeinolfson, T9K5; Gizon ef all, P020) and nonlinear boundary layers (e.g. [[ung, 1979; Maslowe,
T98A) may also be important to our problem, they are beyond the scope of this article.

This paper is organised as follows. In Section [, we shall derive the governing equations for our problem,
and then present a method for seeking eigenmodes numerically based on the associated Legendre polyno-
mial expansion in Section [Z4 after presenting some general results in Sections P, ', and 3. Section B
presents numerical solutions for the case where the background field is expressed as the simplest equatorially
antisymmetric non-Malkus field B = cosf. In Section Bl and Appendix O, the structures of the obtained
eigenfunctions are examined outside and near critical latitudes, respectively. In Section &, we also conduct nu-
merical integrations of ray-tracing equations at large wavenumbers (e.g. Bardsley and Davidson, P(0T7; [Ieruya
ef_all, PO727) to interpret our eigenvalue problem from a different perspective. This approach tracks the paths
of wave packets migrating with their group velocities. It should be noted that this is different from the calcu-
lations of the Stokes drift by Dikpati ef al] (2020), who computed trajectories of fluid particles advected by an
oscillatory flow induced by MR waves. Finally, we present the conclusions of this study in Section B.

2 Mathematical formulation

We now begin with a description of the governing equations for the 2D ideal incompressible MHD in a thin
layer on a rotating sphere. Here, we use the spherical coordinate system (r, 8, ¢). Since the vertical flow should
be weak within the thin stratified layer, we approximate that the velocity field u = (0, ug, uy) relative to the
rotating frame of reference is horizontal for simplicity. Furthermore, the magnetic field B = (0, By, By) is
assumed to have only horizontal components as our purpose is primarily to lay the foundation for more realistic
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models. To maintain consistency with this simplified setting, we select the azimuthal field By = BB sin 0 as
the imposed field, as mentioned previously in the introduction section. In contrast to the toroidal field, radial
ones normally bring vertical derivatives into their governing equations, and the operator is incompatible with a
2D model, which is computationally undemanding. Our 2D model can also be straightforwardly extended into
the “MHD shallow water” system (Zaqgarashvili ef all, 2007, 2009; Heng and Spitkovskyl, 2009; [Zagarashvili
et all, DOTT; Marquez-Artavia ef all, ?017). Moreover, Hardy ef al] (?2020) reported that small vertical motions
under a strong stratification can enhance toroidal fields because of the “Malkus constraint”. This suggestion
supports our choice as a reasonable main field.

In the horizontal 2D model, we only have to consider the horizontal components of the momentum and
induction equations. The horizontal momentum and the horizontal induction equations (e.g. Gilman and Fox,
1997) are written as

Duy uﬁ cot 0

— 282 cos Ougy

Dt Ry
Ry 90 \ po PO m Ropopim’
Dug ugyug cot O
Dt + Ry + 242y cos Buy
1 o [1II B-Vy)B BBy cot 0
_ 9 <) ( 1) By + ¢20 (2b)
Rosinf 09 \ po POMm Ropopm
DB
Dte = (B-Vu)ug, (2¢)
DBy ugyBg cot 6 Bgyug cot 0
=(B-V —_— 2d
Dt Ry ( g + Ry (2d)
with the solenoidal conditions
O(upsind)  Ouy
=0 2
20 20 ) (2e)
a(Bg sin 9) OB¢
= 2f
30 30 0, (2f)

where I7 is the reduced pressure, Vi = (€9/R)(0/00)+(é4/Ro sin §)(9/0¢) is the horizontal nabla operator,
and the material derivative is expressed as (D/Dt) = (0/0t) + w - V. The 2D vorticity and 2D uncurled
induction equations, obtained from (), on the spherical surface r = Ry are given as

D¢ 20 sin@u (B-Vu)(umd)

_ 3
Dt Ry ' PO/ ’ Ga)
DA
—— =0. 3b
Dt (3b)

In the above equations, the radial components of the vorticity ¢ and electrical current J are defined as

B 1 O(ugsind)  Oug| 9
C= Rysm0 [ 20 B0 | = TVHY (42)
1 1 [3(Bysing) By s
= — — = — A 4
S = Rysind [ 26 3¢ Hm Vi (4b)

where we introduce the stream function ¢ and the magnetic vector potential A = (A,0,0). Owing to the
solenoidal conditions of the fields w and B, the scalars ¢) and A are related to the two vectors as

1 o 1 50
u = R U [
%~ Rysinfdg’ ¢ Ro 00’
1 24 194
By— > %94 5 104 5b
%~ Rysinf 0o’ ¢ Ry 00 (5b)
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Using these expressions, the governing equations (@) are written in terms of ¢ and A (e.g. Raphaldini and
Raupp, 2020) as

a(V%{@D) 282y 0% 1

_\N"H*7/ 2 s 0YY 2
ot =+ j(VH¢a¢) + R(% a¢ - pOMmJ(VHA7A)’ (63)
0A
5 A =0, (6b)

where the operator 7 (f, g) for any two scalar functions f and g is defined as

T(f.g) = 1 <8f dg afag) .

" R2sind

0006 0600 (€c)

In what follows, waves having a small amplitude are considered in this system. We introduce a small positive
parameter € (< 1) representing the amplitude of the waves to rewrite ¢) and A as

Y = e + 0(?), A= Ay(f) + a1 + O(?). (7

The basic state is assumed to be rigid body rotation ¢p = 0 with a latitude-dependent toroidal field Bog(6).
With the expression of By, given in the previous section, we obtain (dAy/df) = —RoBoBsin 6. It should be
noted that a smooth background field at the poles necessitates that the function Ay satisfies Ag = > > | T,Pp,
where 1), (n = 1,2, ...) are constants, and P,, is the Legendre polynomial of degree n. (B) is then written as

0 2 200 0 1 2 1 d(/LmJo) aa1
- 200 - - -  |B .~ Z\rmJo/ ) Tl
<ath+ R? 8(;5) M= Ropopmsmd [PV T R a0 | 36
Qa1 _ By v
ot Rysinf 0¢

+ O(e), (8a)

+ O(e), (8b)

where Jo(0) = ppt(1/Rosin 0)[d(Bog sin #)/d6] is the background electrical current.

The normal mode approach is a common procedure in the study of linear waves. For a given azimuthal
wavenumber m and an angular frequency w — determined subsequently using a dispersion relation — which
becomes () for the Malkus field B = 1 and is sought numerically in Section B when B = cos 6, we postulate that
V10, ¢, 1) = Re[th(u; m, w)e?(@D)] = hel? /24-c.c. and a; = Relae'?], where ;1 = cos 6, and ¢ = mep—wt is
the phase of the waves. We use c.c. for the complex conjugate of the preceding terms. With the nondimensional
time 7 = 2§2yt, one also has ¢ = m¢ — A7. Upon substituting this ansatz into (8), we obtain

- d?[B(1 — p? 7
(AT )i = mja] {57} - P [SaR )
Y [Sgr;ézz:} = m|a|BY, (9b)

where V2 = R3V% is the dimensionless horizontal Laplacian. It should be noted that sgn(«)a//pofim has
the same dimensions as 1. Hereinafter, our interest is limited to the case where m % 0. The above equations
are easily transformed into a single ordinary differential equation of the form

4 [A(l Lﬂ)dw] - { m2A2 +m [A+2ma28d(f“)”¢ —0, (10)

dp dp L—p 1

where the factor A(u) = A2 — m2?a?B? is crucial to our problem. If there exist real values y that satisfy
A(u) = 0 within the interval —1 < g < 1, which are hereinafter denoted as ., those points are interior poles
depending on A. The poles yield continuous spectra, as stated in the introduction section. On the other hand,
the Malkus field B = 1 obviously produces no singular points, with the exception of the endpoints p = +1.
On dividing (I0) by the factor A (£ 0), one can obtain its dispersion relation () without any hurdles because
(@) is then reduced to the associated Legendre differential equation. It should be noted that, if A and 1/; are
an eigenvalue and its corresponding eigenfunction of (), respectively, the same holds true for their complex
conjugates.
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2.1 Existence of continuous spectra

The existence of continuous spectra can be justified when the function A has zeros in —1 < pu < 1. Since
() is a second-order differential equation, it should have two linearly independent solutions. Let 1;1 be a non-
singular solution, and let the other be tentatively expressed in the heuristic form U = 4y J H f(ps)dpis with a
function f(1). Then, one has a non-zero Wronskian v (d¥y/du) — (depr/dp) ¥y = 1;12 f, guaranteeing that ¢
and U are independent unless f = 0. On substituting the form of @y into (), we obtain

din[A(l = @2)f) _ dlng
du 2 dp

0, an

from which we obtain A(1 — 1?) f 1;12 = const. . Therefore the solution should have the form

d i
A 03 (1)

with both C7 and Cf being constants. Let us examine how the integral changes if the interval of integration in
(I2) passes over zeros of A (we assume that 1512 # 0 within the interval). With an arbitrary starting point zi
of the integration interval (in the following equation, we suppose that pg < min(u, p.) and that at most one
singular point exists between g and ), we can express the second solution of the linearly independent set as
the improper integral

- - - . M
§ = Cin s G, G = [ (12)

() /M s nen
' _ ’ CH
o (L= 1) A(ju0) 5710
_ - He—d dpi
. i ] 13
+ lim ' i He < B
Ax—+0 pet+A2 (1 - M%)A(M*)QZIQ(“*) ’ ) |

We may then deduce from (I3) that (I2) is also written as

¢ = Cry + Cridp + ﬁlzcm,z'ﬂ(ﬂ — He,i) 5 (14a)

where the integer i is the index of the singular latitudes, and H(y) is the step function. In addition, we have
introduced a new second solution

R Ry

A(p) ¥ (pe)

where P denotes the Cauchy principal value. In the vicinity of i = p., we know that B2 = B2 + (B2)(u —
pe) + (B2)" (1 — p1e)? /2 + (B2)" (1 — p1c)* /6 + Ol — pic|*), where B2 = B(uc) = N*/m?a?, (B7) =
(dB?/dp)|u=p.. and so on. In this paper, we narrow down a target only to the case where (32)’ does not vanish.
Using this series expansion, we obtain the magnitude Cyy; of the discontinuities at the latitudes in the form

(14b)

Crl;
Cmi = — 2 Vo122 Z 2 172 (14¢)
(1- Nc,i>m o (Bw-) Vi (Hei)
with the integral I; given by
fe,i—A15 d He,itA d
L= lim / _ S L fim / S
ADL=H0 Sy A M= e ABai=H0 )y ay B — ey
Ar

= lim In=Y (14d)

n—.
Ar,3,A2,;—40 A2,z‘

This integral can be an arbitrary number, depending on how we take the limit Ay ;, Ay ; — 4-0. In fact, Van
Kampen (T959) suggested that, in the problem of plasma oscillations, the counterpart of I may be considered
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as an arbitrary parameter, which can be determined by a normalisation condition of the counterpart of Y, or
the distribution function of plasma. As observed in (I[43d), the existence of more than two linearly independent
solutions despite (I0) being a second-order differential equation can result in an excess of arbitrary coefficients
which should be adjusted to satisfy boundary conditions. This excessive freedom results in continuous spectra.

Another explanation for the appearance of continuous spectra is derived from the condition that should be
satisfied by the solution of (IM) in the vicinity of the singular point. On integrating (I0) with respect to x over
the narrow range sandwiched between p. — A; and pe + Ag with Ay, Ay — +0, we obtain

i) i)
A1—+0 du Ay—+0 du
p=pc—A1 p=pc+Asz
provided that the condition
,U4(:+A2 -
li dp — 0 15b
A1’5£+0/HC—A1 ||y (15b)

is fulfilled. The fact that ¢y is surely a solution for (I) and that &IH( 1 — pc) always satisfies (I3d) shows that
the third term in (I4d) is a weak solution for (I0), and Cyy should then be an undetermined parameter.

2.2 Frobenius method

An alternative survey of the structure of the solution at the critical latitudes is conducted using the Frobenius
method, which is a standard approach for providing a power series solution about a regular singular point
of an ordinary differential equation (e.g. Braun, T975). Let us suppose that a power series of the form
ﬁ(c) = Zi‘;o ap(p — ,uc)k+g (ap # 0) is a solution for () around a critical latitude p., where p is a number
to be determined by substituting the form into basic equations. The equation that determines g is referred to
as the indicial equation. On substituting this assumption for 1[1 in (), we obtain the equation o> = 0 from its
leading order term. As a result, two linearly independent solutions near the latitude are obtained on the basis of
the method for dealing with a repeated root. The method is based on the fact that, for the temporary expression

(a0, 0) = ao(p — pe)® + > drlao, 0) (1 — pe) ¥ (16a)
k=1

with the sequence dy(ag, o) (k > 1) selected to satisfy (I0) apart from the term proportional to (p — )2 %,
we can rewrite the linear differential equation () as

MG a0, 0)] = —m2a® (B2 (1 = 2)aod® (n — pe) ™ (16b)

where M is the linear differential operator on the left side of (). On setting o = 0 and ag = 1 in (I6H) and
its o derivative, we obtain &I(C) = J(C)( o= 0) and zZ](IC) = (aq,Z@ /00)|o=0, which give

oo

0 =14 anp— o), (172)
k=1
I = D mp— el + 3 bl — pe)”, (17b)

k=1

where we used the formula [d(p — uc)*T2/d0] = (1 — pe)*@In |y — pe|. It should be noted that (IZH)
has a logarithmic singularity. Some of the expansion coefficients are determined from ax(ag, 0) with slightly
tedious but standard manipulations such as a; = D1, az = (D? + 2D1 D3 + D3)/4, by = —2D; + Do, and
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by = (=3D} — 2D1 Dy + 2D} — D3 + 2Dy) /4, where

A/ma? + 22 + (B?)' e
(B2)'(1 — p2) ’
_ 2B e — (B2)"(1 — p2)/2
b2 = E-2 (150

m?(BZ2)' /(1 — u2) — 3(B2)' — (B2)" e
(B2)'(1 — p2) ’

(B2 + (B2)"pe — (B2)" (1 — u2) /6
(B2) (1 — p2) '

If we substitute the first Frobenius solution ﬂc) for ¢/ into the integral expression ([4H) to calculate the second
solution up to its second-order terms, the resulting expression certainly agrees with the second Frobenius

D, = (18a)

Ds (18c)

Dy

(18d)

solution 1;](10) up to the same order (strictly speaking, Yy ~ —(1;](10) + const. X 1/31(6)) /(1= p2)m2a?(B2) around
the latitude). Accordingly, we can associate Y with @Z;I(C), and 1211 with 1;](;), in the vicinity of 4 = p.. The
series solutions (I7) also justify (I5H), since the term that becomes the largest contributor to the integral is
i) ;Z: CjAAf In | — pe|dp. The comparison between linear combinations of these linearly independent solutions
and our numerical solutions is presented in Appendix .

2.3 Necessary conditions for instability

The necessary conditions for instability often receive interest from many hydrodynamicists. We prove an
inequality that gives an eigenvalue bound, of the form of the semicircle theorem, in Appendix @&l It is written as

Beld) 4 02 max <2Bd(5")>]2 + (Imwy

m du m
< at {max <28d(£f)>] i — o’ min(B?), (19a)
only if Im(A) # 0. Moreover, we also find another bound for the case where Im(\) # 0 in the form
L Rl (19b)

2m(m+1) = m

These relations indicate that if unstable modes exist, they must propagate in the retrograde direction, and the
value max{2B8[d(Bu)/du]} regarding the gradient of an imposed magnetic field must be positive. Hughes
and Tobias (PZ00T); Mak ef all (2016), and Wang ef al] (P0224F) derived similar theorems for the MHD or
MHD shallow water systems with a background shear flow. The theorem ([93) indicates that the magnetic
shear ascribed to the spherical geometry may have a destabilising effect. We were not, however, able to identify
unstable modes that are likely to be physically meaningful when B = p, as described in Section B.

2.4 Numerical method

A numerical method for solving our eigenvalue problem is described here. In this article, we focus on the simplest
equatorially antisymmetric non-Malkus field 5 = p. This choice prompts us to use the associated Legendre
polynomial expansion, as (I) exactly becomes the associated Legendre differential equation if B = 1, and the
recurrence formulae of these polynomials are useful in the present situation. For a fixed m, the polynomials P
(n > m) constitute a basis for function expansion in the Galerkin discretisation on a spherical surface. Thus,

we obtain
Nt

N ~
D) = 3 SINTPR () ng = 3 anren, (20a)

where V¢ denotes the truncation degree, and the normalising factor is written as

_— m 2n+1(n—m)!
N = (—1) \/ e (20b)

10
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On assuming (Z04) to be an approximate solution for (4) and using useful relations of the forms

ViP™ = —n(n+1)P™, (21a)
n+m n—m-+1
pPy = DY (Pn1 T_HP%M (21b)

and the orthogonality relation f_ll PP du = 0, /NN with the Kronecker delta d,,,, we obtain the
following simultaneous equations for all the integers n that satisfy m < n < Ny:

M+ ] ) = kel [ B P
pal = —mlal (Kt 4 g gl (22b)
where the number sequence
Km = \/ ((;‘n__”ggnt”?) for n=m,m+1,...,N;, (22¢)

is introduced for convenience.

The system of linear equations (Z2) is equivalent to the eigenvalue problem for the corresponding 2(Ny —
m + 1) x 2(Ny —m + 1) matrix, and the arrays of the expansion coefficients ¢ and al" are its eigenvectors.
We performed numerical calculations for solving this eigenvalue problem using our Python code, which is based
on the numpy.linalg.eig function of the NumPy library. In these calculations, the truncation number N; was
set as 2000. As can be observed from (Z2), the subset of ¢)[" with n being odd numbers pertains only to the
subset of al"! with n being even, and the same is true of the relationship between @Z[”} with n being even and al!
with n being odd. Based on this dichotomy, we refer to eigenmodes for which ¥["°s are non-zero only when
n —m is even (i.e., @™’s do not vanish only when n — m is odd, and uy and by are equatorially symmetric, and
uy and by are equatorially antisymmetric) as the sinuous modes (cf. Marquez-Artavia ef al, P017). Conversely,
eigenmodes for which ¥"°s become non-zero only when n — m is odd (or ug is antisymmetric, and u is
symmetric about the equator) are hereinafter referred to as the varicose modes.

The validity of eigenmodes obtained numerically is diagnosed from the aspect of convergence. This is
realised by evaluating

N g 2 NS gl NP o S (e
Z (¢ >100 Y ‘w ‘ and Z ‘a >100 Y ’a @3
n=| Ne/2]+1 n=m n=|Ne/2]+1

where |x] is the integer part of z. Only eigenmodes that pass the screening via this validation are studied and
illustrated in the results section.

The normalisation of the amplitudes of eigenmodes is valuable for understanding their characteristics by
comparing physical quantities such as energies. The normalisation was realised by letting the mean total energies
MKE + MME of the perturbations be (pg/ SR%)eQIm(w)t, where the mean kinetic and mean magnetic energies
of an eigenmode are expressed as

MKE = i d9 Qﬁ sin 0d¢p0]u1\ Po e2Im(w)t i n(n+1) ‘ﬂ;[n] ’ (24a)
T 4m 8R3 =
27 ‘ 1‘ 0 N 2
MME = / a9 / sin 0dg 2L S (i 41) ]a["l (24b)
20m 8R0 =

respectively, with u = euj + O(¢?) and B = By + by + O(¢?). The energy partitioning between MKE
and MME allows us to examine the force balance of the eigenmodes and to classify the types of waves. For
instance, Figure B presents the energy partitions for various eigenmodes under the Malkus field and shows that

11
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Energy partitioning [Bos = Bosinf] : m =1
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Figure 3: Ratio of the mean kinetic energy MKE to the mean total energy MKE + MME against the absolute
value |« of the Lehnert number when the zonal wavenumber m = 1 and the Malkus field is imposed. This plot
is obtained from the relation MKE/(MKE + MME) = A\?/(\? + m?2a?), where the nondimensional angular
frequency A is calculated using (). As |a| — 0, either MKE or MME approaches zero, depending on whether
the eigenmode is a slow or fast MR wave. The colours of the curves correspond to those in Figure D.

MKESs dominate the mean total energies in the case of the fast MR waves, MMEs are predominant over MKEs
in the case of the slow MR waves, and Alfvén waves exhibit almost equipartition between the two for a large
|ae|. This normalisation of eigenvectors is applied to all the figures of the profiles of eigenmodes displayed in the
following sections. The associated Legendre polynomials PI"* employed to construct the eigenfunctions from
their corresponding eigenvectors are given by the scipy.special.lpmv function of the SciPy library.

3 Numerical results

We start this section by presenting the dispersion relation for our current problem. Figure B shows the real parts
of the eigenfrequencies obtained numerically when m = 1 as functions of |«| (we find that their imaginary
parts vanish, that is Re(\) = A, for all the eigenmodes except for unreliable eigenmodes, which are discussed
briefly later). The figure has four panels. The left and right columns present the retrograde and prograde
modes, respectively, and the upper and lower rows present the sinuous and varicose modes, respectively. It
should be noted that, in the sinuous modes, 1) is symmetric and ¢ is antisymmetric about the equator, while ¥
is equatorially antisymmetric and a is equatorially symmetric in the varicose modes, as defined in Section 24,
Each colour in the scatter plots represents the fraction of the mean kinetic energy within the mean total energy
of an eigenmode corresponding to a point on the diagrams. It should be noted that we used a nonlinear colour
scale that is created using the arctangent function to highlight whether an eigenmode is similar to the Alfvén
wave (MKE ~ MME; the colour of its marker is greenish) or not. To make it easier to find markers of modes
dissimilar to the Alfvén wave (we select the range MKE < 0.49 or 0.51 < MKE), we furthermore set their size
to be larger than that of the markers representing the Alfvén wave. Based on the information presented in Figure
B, even in the present situation, we would be justified in thinking of an eigenmode having a reddish marker as a
mode similar to the fast MR wave and a bluish one as a mode similar to the slow MR wave.

In all the panels, we can observe the bands crowded with eigenmodes just below the lines |A\| = m/|a|. The
kinetic and magnetic energies of the majority of the eigenmodes in the bands are partitioned almost equally.
We conjecture that these bands should be identified with the continuous spectrum due to the Alfvén resonance,
which is hereinafter referred to as the Alfvén continuous spectrum or Alfvén continuum, although our numerical
method yields only approximate discrete modes even when the system has a continuous spectrum. Even though
the spectrum should encompass the expected range m|o| min(p) = —mla| < A < m|a| = m|o| max(u)

12
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Dispersion relation [Bys = Bysinfcosf] : m =1
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Figure 4: Eigenfrequencies versus the Lehnert number when the zonal wavenumber m = 1 and the simplest
equatorially antisymmetric non-Malkus field 5 = p pervades the system. The ordinates of each panel represent
the real part Re(\) of the dimensionless angular frequency, and the abscissas present the absolute value ||
of the Lehnert number. Retrograde modes (Re(\) < 0) and prograde modes (Re(A) > 0) are presented in
the left and right columns, respectively. The upper and lower rows illustrate the sinuous and varicose modes,
respectively. The colours of the markers represent the ratio of the mean kinetic energy MKE to the mean total
energy MKE + MME.
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Eigenvalues [By, = Bysinfcosf] : m=1, |[o| =1

—-1072 1

10721 Lk
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Figure 5: Dependence of the real parts Re(\) of the eigenvalues on the truncation degree Ny when the zonal
wavenumber m = 1, the absolute value of the Lehnert number || = 1, and the background field is the simplest
equatorially antisymmetric non-Malkus one (B = ). The horizontal axis is the eigenvalue number when
eigenvalues are arranged in ascending order. The red open squares and the blue circles represent the case where
N = 2000 and 1999, respectively.

without any gaps as explained in the previous sections, our eigenmodes satisfying (Z3) do not have eigenvalues
smaller than some levels in terms of absolute values. This is because a fine structure in its eigenfunction appears
around the equator, as the critical latitudes p. = +\/m|«| approach the equator as A — 0 for a given m and
a given |«/, in addition to the vertical axes of the panels presented on a logarithmic scale. It is necessary to
perform the calculation with a higher truncation degree for (ZJd) to express such a fine structure. Moreover,
small values of || (< 1) reduce the typical meridional wavelengths of perturbations, as shown in Figure [0.
For the aforementioned reason, the bands are cut off below certain values of |«|. If numerical calculations
were performed with an infinite degree, the obtained eigenvalues would cover the entire range below the line
|A| = m|a|. We also performed calculations with truncation degrees less than that shown in Figure 8, for
example, Ny = 1000 (not shown). The outlines of these dispersion diagrams appear almost unchanged aside
from the difference in the widths of the bands; the higher the truncation degree, the wider the band. In the
lower panels of Figure B, some branches of the varicose modes look like discrete eigenvalues that lie below the
bands. For these eigenmodes, MMESs are dominant. In particular, the lowermost two eigenvalues, which are
represented by overlapping curves (since they are a complex conjugate pair, as mentioned in Section D) in the
lower left panel, have non-zero imaginary parts (not shown), and their values are consistent with (I94) and (I9R).
However, we consider the branches including the unstable modes as unreliable eigenvalues, or a part of the
Alfvén continuous modes, because the calculations (see Figure B) reveal that these eigenvalues depend strongly
upon N as opposed to normal discrete modes (cf. Carpenter and Guha, 201Y9). These Alfvén continuous modes
for which MMEs dominate over MKEs, which are found only in the m = 1 varicose modes (see also Figure
), could possibly be related to the “clamshell instability” (e.g. Wang ef all, PO77H, see also the last paragraph
of Appendix O).

Discrete branches equivalent to slow MR waves found in Figure 0 disappear from Figure B as a result of the
modification of the main field. Instead, the blue markers, for which the fractions of MMEs of their eigenmodes
are close to unity as in the case of slow MR waves, are distributed within the Alfvén continuum. These markers
form blue upward wedges having the approximate slope A o< |a|? at |a| ~ 1072 and A =~ 10~* in the right
panels of Figure B. Therefore, we suggest that the discrete modes of slow MR waves turn into continuous ones
under a non-Malkus field. This is similar to the case of equatorial Rossby waves in the study of
Ishiwafari (2006), who investigated eigenmodes in a linear shear flow on an equatorial S-plane.

Outside the continuous spectrum, that is, above the lines |A\| = m|a| in the diagrams, fast MR waves
remain discrete eigenmodes even in the non-Malkus field. Their semi-analytical solutions can be obtained from
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Figure 6: Same as Figure &8, but for m = 2. The two white asterisks of the upper right panel correspond to the
two eigenmodes depicted in Figure R.

eigenvalues of the spheroidal differential equation to which (I) is reduced when B = p and m2a? /A? is small
(see Appendix B). Moreover, we find that the lowermost wavenumber branch of the m = 1 sinuous modes of
fast MR waves can penetrate the band of the continuous spectrum without interaction (see the upper left panel
of Figure B). This is because the Lorentz force does not act on this eigenmode. This mode is explained in detail
in Appendix O.

Figure B depicts the eigenfrequencies for m = 2. They roughly epitomise the diagrams when m > 3 (not
shown). Their outlines do not change much from those of Figure 8 with the exception of the absence of the
branch of the fast MR waves that penetrates the continuous spectrum. As in the m = 1 case, more conspicuous
blue upward wedges exist around 1072 < || < 107! and 10=* < A < 1072 in the right panels of Figure B.

3.1 Eigenfunctions of the Alfvén continuous modes

We investigate the eigenfunctions of the Alfvén continuous modes in this subsection and Appendix O. Figure [
presents the typical structures of the perturbations in the stream function /; and the magnetic vector potential
ay for the continuous modes. The dependences of their amplitudes 1/; and a on the colatitude are illustrated
in Figure [(a) and used for preparing the contour maps of Figure [(b). From these figures, we note that spiky
singular structures appear at the critical latitudes of the eigenmode. As shown in Section 2, the eigenfunction
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Eigenfunction [By, = Bysinfcos] : m =1, |a| = 0.1
Eigenfunction [Bys = Bysinficos6] : m =1, |a| = 0.1
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Figure 7: Eigenfunction of the sinuous mode with the nondimensional angular frequency A ~ 0.05006 when
the zonal wavenumber m = 1, the absolute value of the Lehnert number || = 0.1, and the simplest equatorially
antisymmetric non-Malkus field B = u is imposed. The critical colatitudes 6. ~ 59.96° and 120.04°. (a)
Amplitudes of the stream function 1; (red line) and the scaled magnetic vector potential sgn(a)a//pofim (blue
line) as functions of the colatitude. (b) Contour maps of the stream function v, (left panel) and the scaled
magnetic vector potential sgn(a)ay //pofim (right panel) in the Mollweide projection.
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(a) Sinuous mode with A\ =~ 0.00012. (b) Sinuous mode with A ~ 0.00025.

Figure 8: Eigenfunctions of two magnetic-energy dominant modes for m = 2 and |«| = 0.013. The axes and
colours are identical to those in Figure [(a).

has a logarithmic singularity or a step function singularity or both. In Appendix O, we provide the ratios of their
contributions to the eigenfunctions around their corresponding critical latitudes. We extract two eigenmodes
that are magnetic energy dominant from each of the two noticeable blue upward wedges in the upper right panel
of Figure B, and their eigenfunctions are plotted in Figure B.

To obtain the whole picture of the eigenfunctions of the continuous modes, we exhibit those of all the
obtained continuous modes. Figures @ and [0 present the heatmaps of the absolute values, or |1ﬁ| and |a|, of
their amplitudes as functions of \ and the colatitude when |«| = 0.1 and 0.01, respectively, and m = 1. The
left columns in these figures correspond to \1;|, and |a| is depicted in their right columns. The sinuous and
varicose modes are presented in the upper and lower rows, respectively. The colour darkens as the absolute
value increases. The maps indicate that the retrograde continuous modes are evanescent on the polar side of the
critical latitudes, while the prograde ones are evanescent on the equatorial side. However, only the case in which
|| is sufficiently smaller than unity displays this behaviour (see Figure [[Il). Furthermore, the comparison of
the eigenmodes having the same value of A\/m|«| in Figures B and M shows that the smaller the value of ||
is, the smaller the typical north—south wavelengths of their amplitudes. In Section B, we will therefore examine
the behaviour of the wave packets possessing large wavenumbers at small values of |«/|, which may be applied
to the Earth’s core conditions, based on the ray theory to better understand our numerical results.

For moderate or large values of |«/|, less striking differences exist in the evanescent property between the
retrograde and prograde modes which possess the same absolute value |\| of their angular frequency. This
statement is based on Figure [, which shows the heatmaps for m = 1 and |«| = 1, and other experiments with
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Figure 9: Amplitudes of the eigenfunctions of all the obtained continuous modes when the zonal wavenumber
m = 1, the absolute value of the Lehnert number |« = 0.1, and the basic field is the simplest equatorially
antisymmetric non-Malkus one (B = ). The four panels are divided into the stream function and magnetic
vector potential in the left and right columns, respectively, and sinuous and varicose modes in the upper and
lower rows, respectively. The vertical axes of each panel correspond to the colatitude, and the horizontal axes
represent the nondimensional angular frequency A. The darker the colours, the higher the absolute values |1,Z|
and |a| of the amplitudes of the stream function and the magnetic vector potential.
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Eigenfunctions [By, = Bysinfcosf] : m =1, |a| = 0.01
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Figure 10: Same as Figure 8, but for |o| = 0.01.
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Eigenfunctions [By, = Bysinfcosf] : m =1, |a| = 1.0
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Figure 11: Same as Figure B, but for m = 1 and |o| = 1.
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several values of m and || (not shown). Therefore, the contrast in the property between the retrograde and
prograde modes as demonstrated in Figures B and [0 can be attributed to the planetary /3 effect, that is, the effect
of rotation. The ray-tracing analysis and local dispersion relation, which we are going to discuss in Section
A offer a similar explanation. In addition, the fast MR mode buried in the continuous modes at A = —1/2 is
discernible in the upper panels of Figure [l (see also Appendix 0). We attempted to use these plots to discover
buried discrete eigenmodes other than this fast MR mode, although no such eigenmodes were found.

The evanescent property can be determined using the function

1— u?) d(Bu) 1—,u d /1—p?dA
L2(w;m,\) = —m? — m(— [)\—I-ZmoﬂB — ], 25a
G ) A dp 2V/A du \ VA du 2
which appears in an alternative form of the differential equation (I)
d 5, d(VA) £ . =
i [(1 1?) i e (PVA) = 0. (25b)

The Mercator projection transformation y = (1/2)In[(1 4+ x)/(1 — w)] yields a differential equation of the
harmonic oscillation,
@ (VA)

—ar L2(pVA) = (26a)
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Figure 12: Dependence of the function £? given by (Z33) on the nondimensional angular frequency A and the
colatitude when the zonal wavenumber m = 1, the absolute value of the Lehnert number |«| = 0.01, and the
basic fields are (a) B = p and (b) B = p+/1 — 2. The solid and dashed curves present the contour lines
corresponding to £2 = 0 and —1, respectively.

which shows that the sign of £? determines the evanescent property of zﬁ\/z at the latitude. We can also rewrite
(U3B) into the form

204)) 2 2
d [%/((11#2 p?) A N (15_221)2@@] — 0, (26b)
which, similarly, shows that the value of £ indicates the evanescent property. The equivalent of this differential
equation was derived by Gilman and Fox (T9994), although the form of £? differs from theirs because their
equation is based on a non-rotating frame; the partial derivatives with respect to ¢ in our equations have to be
replaced by (0/0t) + £29(0/0¢) in the non-rotating frame. The left panel in Figure I presents contour plots of
L2 as a function of \ and the colatitude when |a| = 0.01 and B = . We observe that the area where £2 > 0
(or £? > —1) in the panel certainly agrees with the wavy regions in Figure . We now consider the case where
|| is small. On noting that A = O(|a) and |A| = O(||?) for the continuous modes, we obtain
2

2= Dy oA ol @7)
unless the latitudinal position 1 is very close to a critical latitude (|A] > O(|a|?)), since (dA/du) = O(|a|?)
and (d24/du?) = O(]al?), as can be seen from the definition of the function A. When B = p (and
|12 — A2/m2%a?| > O(|al)), the oscillatory condition £2 > 0 on the equatorial side (u? < A?/m?a?) of the
critical latitudes therefore requires that A < 0 (the retrograde continuous modes), and £? > 0 on the polar side
(4?2 > A2 /m2a?) for the prograde modes (A > 0). This explains the contrasting evanescent behaviour between
the retrograde and prograde continuous modes for a small value of |«/|.

4 Interpretation in terms of ray theory and discussion

To better understand the continuous modes and their eigenfunctions, we reduce the system investigated thus far
to a more restricted situation where || < 1, which is appropriate for the Earth’s core. We apply the ray theory,
in which an inhomogeneous background field varies with a spatial scale much larger than typical wavelengths.
In addition, we track the path of a wave packet migrating with its group velocity. It should be noted that we now
use 0 as a dependent variable instead of i to define a north—south wavenumber in terms of 6 for the ray theory
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and consider B as the function of 6 rather than p. We introduce the local coordinates (@, ®), which suitably
measure the spatial scale size of the typical wavelength of a wave train. The introduction of small parameters
aids in incorporating such a setting into the governing equations. In Section BT, we found that the typical
meridional wavelengths decrease as the value of |« decreases. Thus, it would be reasonable to select || as the
parameter, if the value of |«/| is sufficiently smaller than unity. The local coordinates are then stretched in the
forms

O = |a|~'%, P = |a|"?p. (28a)

The temporal scale of the wave period (A\~' = O(|a|~'/?)) is similarly far from that of the migration of the
wave train. The new shrunk time 7', which is useful for measuring the latter, is given by

T = |a|r. (28b)

The values of the exponents of |«/| of the above variables are determined in Appendix BE.

We then introduce a locally defined wavenumber and angular frequency, which depend on the global
coordinates (0, ¢) and 7', and subsequently derive a local dispersion relation and ray-tracing equations, which
predict the movement of a wave packet. Their derivations are based on explanations in standard textbooks
regarding wave dynamics (e.g. Cighthill, TY7X), and we present an explanation of the corresponding details
in Appendix B. Here we summarise the results. The expression of the perturbations of the stream function
postulated in Section O is rewritten here as ¢»; = Re[M (¢, 6, T')el#L(®:€:7)] where M is the wave amplitude,
and ¢y, is the phase of the wave packet. With this ansatz, the local wavenumber and local nondimensional
angular frequency are expressed as

dpL
0(-09)’

1 aQDL

9pL %1
sinf 0@ ’ ’

K(6,0.T) = >

1(¢,0,T) =

A9,0.T) = (29)
It should be noted that o1, depends on the local coordinates (@, @, ), while M, k, [, and A depend on the global
ones (¢, 60,T). The local dispersion relation for our present problem is obtained from the leading order terms
in the governing equations (B) in the form

D(,0,T,k, 1, ) = N2(k* +1%) + \ksind — E*B*sin?0(k* +1%) = 0, (30)

where \; = |a|~ /2 is the scaled nondimensional angular frequency. On replacing sin 6 and B in (B0) with
constants, we obtain an equivalent to the nondimensional dispersion relation on a middle latitude 5 plane
(Zagarashvili ez all, 2007). It should be noted that we denote Ay = Ay (¢, 0, k,1,T) as the solution of (B0) for
As. From (B0), the components of the nondimensional local group velocity ¢, are given by

Cop _ 0y L (aD/ak‘)b\S:)\H . 2k 132 sin? 9(2k2+l2)—)\7.[(2k:AH+sin<9) (31a)
la] — 0k (0D/OXs) | xs=2s N 22 (k2 +12) + ksin @ ’
Cg,—0 _ a/\H _ (a’D/al)‘)\S:)\H _ QZ()\%{—szz sin2 9) (31b)
lal T ol (AD/ON)Ia=ny 2 (K2+12) + ksing
We eventually derive the ray-tracing equations
. dgo Co dg(—0) Co—0
g-EL = B £ = & 32
SOGT = Qo a7 o] (322)
and
dg(ksin®) (aAH>
_ =0, (32b)
ar ¢ )k
2 2 (in2 2,72y _
dgl Lot — - 0y _k [d(B*sin” 0)/do](k* + 1 ) )\chosﬁ, (320)
T la| (=0) ] ks 2Ay (k2 4+ 12) + ksind
dgAs 0y
= [ == =0 32d
i - (%), =
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where the material time derivative moving with the local group velocity is

de 0 Cgp O Cg—g O 0 Cg
b _ 9 ¢ Y ; - — 4 t.y 32
ar = o7 " Jalsin00s T |a] 3(<6) ~ T " Ja| VE’ (32¢)

with Vg = (é4/5sin0)(0/0¢) + é_4[0/0(—0)]. According to these equations, a wave train migrates with its
group velocity depending on its latitudinal position and its dominant local wavenumber, which also varies with
the colatitude #. Furthermore, (B2) shows that k sin § and Ag (or A) are invariant along a ray trajectory, but [ is
not.

We conduct the numerical time integration of the ray-tracing equations (82) with (B1I) for the movement
of a wave packet originating at a given initial position (¢, ¢) with a given initial local wavenumber (k,) and
a local dimensionless angular frequency A determined by the local dispersion relation (BO) (e.g. [leruya ef all,
2077). In our code, the initial local longitudinal wavenumber k;y;; is calculated from the relation (BU) with the
scipy.optimize.fsolve function of the SciPy library after the initial values of [, A5, ¢, and @ are specified.
The succeeding time integration of (B2) is based on an explicit Runge—Kutta method of order eight (the DOP853
algorithm in the scipy.integrate.solve_ivp function of the SciPy library). This integration is conducted
without explicitly using (B0) on the way, and the numerical errors in our calculations are monitored based on
the value of the function D of (BO). Their results are also compared to those of Section B in terms of the
evanescent property.

Before demonstrating the trajectories obtained numerically, we examine some properties of the local dis-
persion relation. In the following preliminary considerations, we assume that the physical variables satisfy the
relation A\s = Ay (&, 0, k, 1, T) at any time. Figures [3 and 4 present contour plots of the scaled dimensionless
angular frequency J)s as a function of k£ and [ for three different latitudes, when B = cos 6 and B = 1, respec-
tively. For ease of understanding Figure [3, we first explain Figure 4. These diagrams are obtained based on
the equation transformed from (BO) in the form

B . + . 1 482 (k2 2\2
A = ksin® % |k|sin0\/1 + 4B2(k2 + [2) 7 (33a)
2(k2 + 12)

which corresponds to () for global modes when B = 1. The wavenumber |k|sin @ corresponds to m, and
k% + 12 corresponds to n(n + 1) (see also Appendix B). In Figures I3 and 4, we take the plus of the plus-
minus sign in (B34d) such that \g is positive. This means that the sign of k signifies the longitudinal direction
of the phase velocity. The nearly vertical contour lines for large absolute values of [ in Figure [4 correspond
to the relations describing the propagation properties of wave packets that belong to prograde (As/k > 0) and
retrograde (\s/k < 0) Alfvén waves A\ ~ +|k|sin6. Since this dispersion relation is independent of [, the
contours become vertical. Furthermore, it can be concluded that, in Figure [[4, the circular contour lines that are
tangent to the line & = 0 represent the dispersion relation for fast MR waves \s ~ —k sin 6/(k? + [2), and that
the slightly curved part of the nearly vertical contour lines near the line [ = 0 on the half plane \s/k > 0 explains
how slow MR waves \s ~ |k|sin(k? + [?) propagate. The similarities between Figure [ and the left and
middle panels of Figure 3 suggest that the same is true for the case where B = cos §. However, for B = cos 6,
no branches of Alfvén and slow MR waves exist at the equator (6 = 90°), as shown in the right panel of Figure
[[3, since the main field vanishes there. It should be noted that the direction of the gradient (0\3;/0k, 0y /0l)
at a point (k, ) in these plots is the same as that of the group velocity of a wave packet having a dominant local
wavenumber (k, [) at the colatitude 6. For a wave packet belonging to either Alfvén or slow MR waves, the sign
of the azimuthal component ¢, 4 of its group velocity is identical to that of the azimuthal component |a|(As/k)
of its nondimensional local phase velocity, while those of the meridional components (¢, g and |a|(As/1)) are
the opposite for the retrograde Alfvén packet.

Figure [3 illustrates the remarkable feature that the north—south component ¢, _y of the group velocity
vanishes at [ = 0 and | = o0, as can also be observed from (BIH). The wave train can then be refracted at or
absorbed into the latitude, moving only in the ¢ direction there (e.g. Acheson, 1972; McKenzie, T973; Eltayeb,
977, Eltayeb and Mckenzie, 1977; Grimshaw, 1979). In particular, from (80), the latter situation 1> — oo with
a reasonable condition Ak sin @ # 0 results in the limit A2 — k232 sin? § — 0, which indicates that the latitude
is a critical one (/A = 0). It follows that the nearly vertical lines for the Alfvén waves in Figure [3 should be
linked to the rays corresponding to the Alfvén continuous modes observed in the results in Section B. It should
be noted that, although the nearly vertical lines in Figure [4 are similar to those in Figure [3, the Malkus field
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Local dispersion relation [By, = By sin 6 cos 6]
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Figure 13: Local dispersion relation given by (B3d) when the background field is the simplest equatorially
antisymmetric non-Malkus one (B = cos ). In these panels, the scaled nondimensional angular frequency
As = || 12\ is presented as a function of the local wavenumber (k;, 1) for the colatitudes § = 30° (left panel),
60° (middle), and 90° (right).
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Figure 14: Same as Figure [3, but for B = 1.

B = 1 does not yield any continuous modes, since A2 — k232 sin? 6 is constant and the critical latitude does
not exist.

The local dispersion relation (B0) also allows us to understand the evanescent property of waves from the
sign of the squared local meridional wavenumber /2. This value can be calculated from

Mgk sin 0
A2 — k2B%sin? 0

P = -k — (33b)
Figure 3 presents contour plots of /2 as a function of k& and )4 for three different latitudes in the case where
B = cosf. The waves can propagate only when their wavenumbers fall within the parameter domains where
12 > 0 in these panels, and these regions are classified into three groups. The two thin regions near the lines
As = *k|B|sin 6 in the left and middle panels correspond to the relations for prograde Alfvén and slow MR
waves (A\s/k > 0) and retrograde Alfvén waves (\s/k < 0). Again, as shown in the right panel, no areas
for Alfvén and slow MR waves are found at the equator (# = 90°), since the background field vanishes there.
The propagation properties of the fast MR waves are indicated by the domain near the line £ = 0 on the half
plane A\s/k < 0. It should be noted that the wave packets that approach the curved lines | = 0 and the lines
\s = tk|B| sin 6, where I2 — oo, are refracted at or absorbed into the corresponding latitude.

Figure [3 aids in the short-term prediction of the migration of a wave packet. We now consider the two cases:
(i) when the wave packet moves toward its corresponding critical latitude, and (ii) when the packet proceeds
in the direction away from the critical latitude. Since ksin 6 and Ag remain constant during the movement
of a wave packet, its migration in the north—south direction can be converted into the movement of the point
(k, \s) in the horizontal direction of the panels in Figure I3 (unless the outlines of their contour plots change
significantly depending on the latitude).
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Local dispersion relation [By,; = By sin  cos 0]
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Figure 15: Local dispersion relation written as (B3H) when the simplest equatorially antisymmetric non-Malkus
field B = cos 6 is imposed. In these panels, the square {2 of the local meridional wavenumber is displayed as a
function of the local longitudinal wavenumber & and the scaled dimensionless angular frequency Ay = |oz|_1/ 2\
for the colatitudes § = 30° (left panel), 60° (middle), and 90° (right).

1. When a wave train moves toward the equator with \s/k and 12 positive (then A\g/l < 0 in the northern
hemisphere from (BIB) or Figure [3), k decreases and the point (k, As) approaches the line A\ = k|B| sin 0
from the right on the plots of Figure [3. This means that the train belonging to either prograde Alfvén
or slow MR waves approaches its corresponding critical latitude from the polar side and is refracted
or absorbed there. If the train went beyond the latitude, [? would become negative, which results in
evanescent waves. It should be noted that, although plots for the Malkus field B = 1, which are illustrated
in Figure A, are similar to those in Figure [T, except for its right panel ( = 90°), the point (k, As)
never reaches near the line A = +k|B| sin # owing to the constancy of & sin 6 and As (unless the initial
condition has already approximately satisfied this equality). When As/k is negative (under B = cosf), a
wave train that travels poleward (\s/l < 0 in the northern hemisphere) and that does not belong to fast
MR waves approaches its corresponding critical latitude, because k increases while it migrates and the
point (k, As) approaches the line A\s = —k|B|sin @ from the left. It follows that the train belonging to
retrograde Alfvén waves approaches the critical latitude from the equatorial side.

2. A wave packet moving in the opposite direction from its corresponding critical latitude is realised by a
local meridional phase velocity |a|(As/l) which has a sign opposite to that in case (i). In other words, we
focus on a packet that travels poleward (\g/l > 0 in the northern hemisphere) with \s/k being positive
and one that moves equatorward (\s/! > 0 in the northern hemisphere) with \s/k being negative. The
point (k, As) then approaches the curved line [ = 0, resulting in its refraction or absorption. It can
be concluded that the packet that belongs to either prograde Alfvén or slow MR waves approaches the
latitude where | = 0 from the equatorial side and that the packet belonging to retrograde Alfvén waves
approaches from the polar side.

Whether a wave packet is to be refracted at or absorbed into a latitude where 12 = o0, or )\g = k2B2sin? 6,
is considered now. For a general profile of B, near such a colatitude § = 6., (33H) becomes

2~ As/(ksin @)
~ (dB*/df)]p=6. (6 — Oc)

(34)

if (dB2/d60)|g=p. # 0. Inparticular, when B = cos 0, the oscillatory condition /? > O requires that (§—6..) cos 6.
has the sign opposite to that of \s/k; the packet that belongs to either prograde Alfvén or slow MR waves
(As/k > 0) approaches the critical colatitude 6. from the polar side ((6 — 6..) cos 6. < 0), while the retrograde
Alfvén one (\s/k < 0) does from the equatorial side ((# — 6.)cosf. > 0). This is just a mathematical
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Figure 16: Same as Figure [4, but for B = 1.

paraphrasing of the consideration of the manner in which the packets approach the critical latitudes mentioned
in the previous paragraph. Since the term Ak sin 6 in (B) — which has the same sign as the numerator of (B4) —
represents the planetary [ effect, the aforementioned distinction between the prograde and retrograde waves is
caused by the S effect. Moreover, on using (B1l) and (34)), we can obtain an asymptotic expression of the group
velocity

Ced . Ns _ VR
Co—o _ (dB?/d0)|p—p. (ksind)?(0 — 0.) 3/2
2 ~ = = — Uc . b

This expression provides the travel time of the packet from a given latitude 6 in the vicinity of the critical latitude
to the latter in the form

b |af A be1(0,)
— 40, ~ — s 46, = O(|0 — 0.|/?). 36
Ay W s e Jy BT (687 GO

Any packets therefore never reach their corresponding critical latitudes in a finite time and are absorbed there.
In contrast, wave packets are refracted at the latitudes where [ vanishes, as explained in a similar fashion in
Appendix B. The latitudes are often referred to as “turning latitudes”.

We finally demonstrate the ray trajectories obtained from the numerical time integration of the ray-tracing
equations, although rough trajectories can be sketched from the above examinations. Figures [ and IR present
two of the trajectories for wave trains belonging to prograde and retrograde Alfvén waves, respectively. Each of
the trains is injected at the black asterisk in each of their upper panels, and its position evolves in accordance with
(B23). The colours in the trajectories represent their local wavenumbers, or the directions of their local phase
velocities by hue (see their lower left panels for the colour scale). In their lower right panels, the longitudes ¢
of their positions at time 7' are recorded using the same colour scheme as their upper panels. The numerical
errors for the results shown in Figures 7 and IR are diagnosed through D in (B0) as D < 103 throughout
their numerical integrations. The trajectories agree with the above predictions in terms of the refraction at the
turning latitudes, the absorption into the critical ones, and the incident directions to those. From the asymptotic
expression (B5d) of the group velocity near a critical latitude, we obtain the period for a wave packet to circle
along the latitude line as sgn(29)7" = |27tk sin 6/ As|, which approximates the periods read from the lower right
panels of Figures 7 and IX.

The facts that the wave packets cannot cross their corresponding critical latitudes and that whether the
packets approach there from the polar or equatorial sides depends on the sign of \s/k are consistent with the
features observed from the numerical results for the continuous modes (Figures B and M) in the eigenvalue
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Ray trajectory [Bys = Bysinfcosf] : ksinf = 1.22338, |a| 12\ =1

Ray trajectory [Bys = Bysinfcosf] : ksinf = 1.22338, |a| /2A =1
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Figure 17: Ray trajectories in the Mollweide projection for wave packets belonging to prograde Alfvén waves (the
scaled zonal wavenumber £ sin 6 /~ 1.22338, and the critical colatitude 6, = 35.17° in the northern hemisphere)
when the simplest equatorially antisymmetric non-Malkus field B = cos # pervades the system (upper panels).
The scaled dimensionless angular frequency Ay = |a]_1/ 2)\ = 1. The black asterisks correspond to their initial
position (finit, Pinit) = (30°,0°). The directions (k, 1) of their local phase velocities are indicated by hue, the
colour scales of which are presented in the left lower panels. The lower right panels present the longitudes ¢
of their positions against the scaled nondimensional time 7' = |«|7 with the colour denoting the directions of
their local phase velocities. It should be noted that both ¢ and 7" are multiplied by sgn({2y) such that the “time”
sgn(£20)T is always positive even when the rotation rate {2y of the sphere is negative.
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Ray trajectory [By, = Bysinfcosf] : ksinf = -1.77036, |rv\’l/2)\ =1
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(Kinits linit) = (-2.04424, 2.0), 6. = 55.61, 124.39 [deg]
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Figure 18: Same as Figure [, but for retrograde Alfvén waves (the scaled zonal wavenumber ksinf ~
—1.77036, and the critical colatitude 6. ~ 55.61° in the northern hemisphere). The initial colatitude 0;,;; = 60°.
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problem for global modes when |« is small. Although the spatial scale of the waves focused on in this section
is smaller than that of global modes, which were thematised in Section B, this implies that, in the case where
|a| < 1, the ray trajectories for Alfvén waves facilitate the rough prediction of the behaviours of the continuous
modes without actually solving the eigenvalue problem. This approach is applicable even if the imposed field
possesses more than two singular latitudes unlike the case where B = cos 6. For instance, four of the trajectories
for another equatorially antisymmetric field B = sin € cos 6 are displayed in Figures I3 and P0. For this profile,
two critical latitudes exist in each hemisphere when 0 = min(B2) < A2/k?sin? § < max(B?) = 1/4. It should
be noted that this field profile does not satisfy the condition for a smooth field at the poles, as mentioned in
Section . However, we have selected this profile for simplicity only for now. The starting points (the black
asterisks) of the rays in these figures are selected such that /2 > 0, and the rays must stay in regions where
1?2 > 0. As discussed in the previous paragraphs, the regions where I2 > 0 are bounded by critical latitudes
(and turning latitudes). For prograde waves (Figure [9; \s/k > 0), the starting points should lie between the
two critical latitudes in each hemisphere. For retrograde waves (Figure Z0; \s/k < 0), the starting points
should lie either on the polar side or the equatorial side in each hemisphere. This corresponds to the prograde
and retrograde continuous modes being evanescent in the polar and equatorial regions and the mid-latitudes,
respectively. The value of the function £2 of (Z33) also provides information regarding the evanescent property
for global modes, as with the sign of [2. This function explicitly includes the effects of the gradient of the
background field, parts of which have been indirectly ignored in the derivation of the ray-tracing equations (see
Appendix B). However, its approximate formula (Z7) for a small || agrees with (B4). Figure I2(b) depicts the
values of £2 when B = p11/1 — 2 (= sin cos 6), and our prediction using the ray theory is consistent with
this plot. Based on these facts, we can consider that wave packets belonging to Alfvén waves pertain to the
continuous modes in Section B as expected.

Moreover, we learn why discrete branches of slow MR waves disappear under non-Malkus fields, as shown
in the numerical results in Section B, from the ray-tracing approach. Figure Il presents a trajectory for a wave
packet that (at least initially) belongs to the slow MR wave, because the condition

M (k* 4+ 1?) < Asksin® (37)

has been satisfied by its initial condition. This inequality is obtained from the comparison between the first
two terms in the local dispersion relation (B0) by analogy with slow MR waves in the case of the Malkus field.
The illustrated trajectory is similar to those of prograde Alfvén waves (see Figure ). Since the propagation
properties for slow MR waves and those of prograde Alfvén waves are continuous, as shown in Figures [3
and 3, the wave packets for slow MR waves transform into prograde Alfvén waves as they migrate in an
inhomogeneous background field, changing their dominant local meridional wavenumber. The time evolution
of [ can reverse the inequality sign of the condition (B2) as [?> — oo, thus the Alfvén balance \? ~ k232 sin? §
is reached. From (B3H), the latitudinal variation of /2 during the migration of a wave packet is written as

2 3 03 2
<az > ok cotd — Ask? sin® 6 dB (38)
ke sin 0\ (

20 A2 — k2B2sin6)2 df ’

and we find that (91%/00)kging.», is always positive (negative) in the northern (southern) hemisphere when
B = cosf and A\s/k > 0. Therefore, the mode conversion from slow MR into prograde Alfvén waves should
have occurred between the initial colatitude 6;,;; and the critical colatitude 6. in the example of Figure I, since
0<2< l-lznit within the interval between 6;,;; and the turning latitude. Although mode conversions can cause
the valve effect (e.g. [Acheson, T972; McKenzid, T973; Eltayeb, 1977; Grimshawl, T979), the effect does not occur
in our system because there exists only one type of critical latitude: the Alfvén resonance \2 = k282 sin? 6.
On the other hand, wave trains belonging to fast MR waves, which have discrete branches when A < —m/|«| for
global modes, move back and forth between two turning latitudes without transforming into Alfvén waves even
though its dominant local wavenumber evolves (see Appendix B).

The invariants including the products of perturbations are useful for understanding waves and their associated

phenomena. As derived in Appendix B, our approximation leads to a conservation law in the form
0 (0D cg 0D
— MP*) + Vg [ = ——|M]*) = 0. 39
57 (Sohr?) + ve- (& 32 (39)

It follows from the constancy of ksinf and \s that the equation in which (0D/0)\)|M]|? is replaced by
(ksin@/)2)(0D/d\s)|M|? is also correct. In our subsequent paper, we intend to prove that the latter quantity is
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Ray trajectory [By, = Bysin?@cosf] : ksind = 2.15606, |a|~/2A = 1
(Finie. Lnit) = ( 3.04912, -2.0), 6, = 34.03, 55.97, 124.03, 145.97 [deg]

u

Ray trajectory [By, = Bysin®f cosf] : ksing = 2.15606, |a|~'/2\ = 1
(Kinits linie) = ( 3.04912, 2.0), 6. = 34.03, 55.97, 124.03, 145.97 [deg]
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(a) Initial local meridional wavenumber liniz = 2. (b) Initial local meridional wavenumber linis = —2.

Figure 19: Same as Figure [, but for B = sin 6 cos f. Ray trajectories for wave packets that belong to prograde
Alfvén waves (the scaled zonal wavenumber k sin 6 ~ 2.156006, and the critical colatitudes 6. ~ 34.03°,55.97°

in the northern hemisphere) are presented. The initial colatitude 6;,;; = 45°.

Ray trajectory [Bys = Bysinf cos6] : ksinf = -2.19789, |a|'/?A =1 Ray trajectory [Bys = Bysinf cos6] : ksin6 = -2.04809, |a| /A = 1

(inie lnie) = (-4.39579, 2.0, 6. = 32.75, 57.25, 122.75, 147.25 [deg] (e, lnit) = (-2.36493, 2.0), 6, — 38.78, 51.22, 128.78, 141.22 [deg]
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(a) Scaled zonal wavenumber k sin 6 &~ —2.19789, and

sgn ()T = (| Bol/ Roy/Potim)t

(b) Scaled zonal wavenumber k sin 8 ~ —2.04809, and

the critical colatitudes 0. ~ 38.78°,51.22° in the north-

the critical colatitudes 6. ~ 32.75°,57.25° in the north-
ern hemisphere. The initial colatitude 0;,i, = 60°.

ern hemisphere. The initial colatitude 6;,i, = 30°.

Figure 20: Same as Figure M9, but for retrograde Alfvén waves. The initial local meridional wavenumber
linit = 2.
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Ray trajectory [Bys = Bysinfcosf] : ksinf = 0.14633, |a| /2 = 0.01
(Kinits linit) = ( 0.16897, 0.5), 6, = 86.08, 93.92 [deg]
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Figure 21: Same as Figure 4, but for slow MR waves (the scaled zonal wavenumber k sin § =~ 0.14633, and
the critical colatitude 6. ~ 86.08° in the northern hemisphere). The scaled nondimensional angular frequency
As = ]a\*l/ 2)\ = 0.01, the initial local meridional wavenumber ;,,;; = 0.5, and the initial colatitude 6;,;; = 60°.

equivalent to the pseudomomentum density (up to constant factor) for the 2D ideal incompressible MHD system.
If weak dissipations are introduced, a packet that is related to the Alfvén continuous modes would attenuate
near its corresponding critical latitude, or within its corresponding thin inner boundary layer (see Section [),
owing to its long travel time (B). The fact that the packet carries the pseudomomentum in line with (B9) implies
that the mean flow would be accelerated there because the damping of waves can cause angular momentum
exchange between the waves and a mean flow in accordance with the wave—-mean flow interaction theory (e.g.
Biihled, P00Y9). This could possibly induce nonlinear oscillations such as the quasi-biennial oscillation (QBO)
in the Earth’s equatorial stratosphere (e.g. Baldwin ef afl, PO0T).

At the end of this section, we confirm the validity of the ray theory when I> — oco. The approximation
requires that the spatial scales at which the dominant local wavenumber (k, ) and the amplitude M of a wave
packet vary are sufficiently larger than its wavelength. This condition can be written as

(101 -1 o
min (‘laﬂ > > — (40)

o ~1/2]2)
We now examine whether the condition (E0) is valid near its corresponding critical latitudes, where [ diverges
and |M| may also diverge. To obtain an asymptotic expression of |M| near the critical latitude 6., we take
advantage of the conservation law (B9) in the form

// <aD|M|2> sin#dfd¢ = const., 1)
Sg 0As

where S, is a region that moves and deforms with the local group velocity. Let 61 (7") and 62(T") be the latitudinal
positions, at an arbitrary time 7', of the rear and front of an isolated wave packet, respectively. Since the local
group velocity ¢, of the packet depends only on the latitudinal position #, we obtain

61(7T) 62(T)
T = / ﬁd@ = / ﬂd@. (42a)
61(0) —Cg,—0 62(0) —Cg,—0

L l1oam

M 30

)

Thus, the latitudinal length |#3 — 61| of the packet satisfies

02(T)
/ Y 49 — const.. (42b)
0,(T) —Cg,—0

Using these relations, we can estimate that (0D /9 )\s)| M |*(A¢sin ) 6;9 with A¢ being the longitudinal

length of the packet and obtain M = O(|# — 6.|~'/*). It should be noted that an identical asymptotic expression
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is also obtained from the steady problem in the last two paragraphs of Appendix B. Since I = O(|0 — 0.|~/?)
(from (B4)) and M = O(|0 — 6.|~'/4), we cannot appropriately discuss the behaviour of a wave packet if it
approaches within the distance |6 — 6.] = O(|a|) from its corresponding critical latitudes. The case where
I = 0 is addressed in Appendix B.

5 Conclusion

In the present paper, we numerically scrutinised 2D ideal incompressible MHD linear waves within a thin layer
on a rotating sphere with latitudinally varying toroidal magnetic fields Boy = BoB(cos§)sinf. In Section
3, we solved the eigenvalue problem for the simplest equatorially antisymmetric non-Malkus field B = cos 6.
The most important finding is that the Alfvén and slow MR discrete branches disappear and a continuous
spectrum appears instead. The eigenfunctions of the continuous modes and their concomitant critical latitudes
were investigated in unprecedented detail and compared with the Frobenius series solutions in Appendix . In
Section B, we conducted a ray-theoretical study in an inhomogeneous magnetic field to clarify the nature of the
continuous modes from a perspective different from the mode theory. Generally, the ray theory is the theory of
wave packets with slowly varying frequencies, wavenumbers, and amplitudes. In our problem, this theory has
the advantage that it can be used for small absolute values of the Lehnert number «, where the mode theory
encounters numerical difficulty. Accordingly, our results could act as a stepping stone to a deeper understanding
of the dynamics of the outermost Earth’s core and the solar tachocline.

The advent of the continuous mode can be interpreted in terms of the ray theory as wave packets that move
toward a critical latitude and that are ultimately absorbed there. In particular, the wave packet belonging to the
slow MR wave turns into the packet that belongs to the Alfvén wave before it is absorbed at its corresponding
critical latitude. This indicates that the slow MR wave cannot be distinguished from the Alfvén wave in the case
of a non-Malkus field and corroborates the idea that slow MR waves transform into Alfvén continuous modes.

We used the function £2 to show that the observed difference in the evanescent property between the
prograde and retrograde continuous modes results from the planetary (5 effect. This function corresponds with
the square of the local meridional wavenumber [? in the ray theory, which provides the same explanation for
the evanescent property. Whether the packet approaches the critical latitude from the polar or equatorial sides
depends on the sign of the azimuthal component |«|(As/k) of its nondimensional local phase velocity, and this
packet-approaching side is the oscillatory one (1> > 0) of the corresponding mode.

We note some interesting topics below that should be investigated in the future studies.

1. It is a pivotal issue whether or not slow MR waves can remain discrete modes even under a non-Malkus
field by recovering additional effects which we have omitted herein, since slow MR waves are considered
to be possible causes of geomagnetic fluctuations.

2. An alternative explanation for the disappearance of the discrete slow MR modes could be their trans-
formation into quasi-modes (e.g. Spencer and Rasband, 1997; Schecfer ef all, 2000; Balmforth_ef all,
200T; Turner and Gilberf, DO07; Wang ef all, P0774), or the Landau damping in a broad sense. Although
quasi-modes are not true eigenmodes, they play a crucial role in the time evolution of the system as non-
diffusive decaying oscillations, the frequencies of which are close to the original real eigenvalues. To
confirm this, we intend to conduct a study on quasi-modes (e.g. Spencer and Rasband, T997) with the
method of spectral deformation (e.g. Crawtford and Hislop, T989).

3. The novel conservation law (39) derived from the ray approximation will provide insights into the
interaction between waves and the mean flow and magnetic fields and thereby into the weakly nonlinear
evolution of the background fields, although the spatial scales O(|a|1/ 2) of the waves in the theory may
be too small to observe as geomagnetic variations.
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A Proofs of (19a) and (T9hH)

In this first appendix, we prove two theorems ([94d) and (I9R) giving eigenvallue bounds. Integrating () with
respect to i from —1 to 1 after it is multiplied by the complex conjugate of ¢, we find

1 1
/ AQI%du + m/ [A+2ma26d(£f)] [|2dp = 0, (43)
-1 -1

where |Q[2 = (1 — p2)|d/dpl|? + [m?/(1 — 1)]|1|2. The real part of (B3) is given by
1 1
(Re(VP ~ [P} [ QP - mia? [ BQPd
~1 -1
) L s (44a)
+ mRe(A)/ lp2dp + 2m2a2/ BT:W;Fd,u =0.
-1 -1
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On the other hand, the imaginary part is

1 1
Im(\) <2Re()\) /1 |Q*du + m/l ‘IMQd,U,> =0. (44b)

It should be noted that Re(\) < 0 when Im(\) # 0, as can be seen from (84H). The combination of the
expressions (B4d) and (B4H) with Im(\) # 0 yields

[Re()\)r . [Im()\)r _a2f_1182\©!2du . 4—Re(A)a2f_11B[d(Bu)/du]Wdu

m m 2, 10Pdu m J2, i du
< —a’min(B?) + 2_Rnel()\)oa2 max {2861(5/?} . (45)

This inequality gives (I[93).
We can derive another bound ([YB) by using (B4H) when Im(\) # 0. The property of the Rayleigh quotient
of the associated Legendre operator in the form

17712
d
m(m+1) = mi M (46)
D) [ [P2dp
then becomes m
- >
Re() = m(m+1), 47)

unless Im () = 0. This inequality is equal to (T9H) since Re(\) < 0.

B Fast MR waves when B = 1

This appendix and Appendix O cover the fast MR waves when the simplest equatorially antisymmetric non-
Malkus field B = 1 is imposed. In particular, we now narrow our interests down to discrete branches A < —m/|a|
outside the continuous spectrum. If we focus on waves with frequencies |\| > m/|«a|, sufficiently higher than
the continuous modes, (233) is reduced to

2.2 4
L= —m? + (1-p?) [(—’;H N > ~ 2’ +0 (‘;)] , (48)

where ¢ = (m2a?/A\?)(7 + m/)), and then (Z3B) approximately becomes the same form as the differential
equation for the angular prolate spheroidal wave function S,,,,(c, pt) (e.g. Abramowitz and Stegur| T964; see
also Zagarashvili ef al] 2009). The power series expansion for the eigenvalues A\, = —m /X + m2a? /A% of
this differential equation yields the approximate dispersion relation for the fast MR waves outside the continuous
spectrum in the form

_ 1 (2m —1)(2m + 1) ot
)\mnn(n—f—l)—i-Q[l— (2n—1)(2n+3)}02+0<)\4>' (49)

Their approximate angular frequencies Aapprox Were calculated from the above relation with the
scipy.optimize.fsolve function of the SciPy library. Their results for m = 1 are shown in Figure 7,
overlaid on the same graphs as the left panels of Figure B. When |A| > m|«|, their values surely approx-
imate the angular frequencies obtained numerically from the full eigenvalue problem. Figure D3 displays

2
approx

two of their approximate eigenfunctions S,/ \/ A —m2a?p? (~ 15), where S,,, were given by the
scipy.special.pro_angl function of the SciPy library, with their corresponding eigenfunctions calculated
from the full problem. It should be noted that, if ¢ = (m2a?/ )\gppmx) (7T+m/Aapprox) < 0, the parameter c in
Smn(c, ) is replaced by —ic, and then S,,,,,(—ic, 1) is regarded as the angular oblate spheroidal wave function.
In this case, we used the scipy.special.obl_angl function of the SciPy library.

We also integrated the ray-tracing equations (see Section H) numerically for wave packets that belong to fast

MR waves. Figure 4 shows three of their trajectories when B = cos §. They move back and forth between two
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Dispersion relation [Bys = Bysinfcosf] : m =1
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Figure 22: Same as the left panels of Figure B, but for a different plotting range (grey markers). The red circles
represent the approximate dimensionless angular frequencies Aapprox calculated by the approximate dispersion
relation (29).

Eigenfunction [By, = Bysinfcosf] : m =1, |a| = 0.1 Eigenfunction [By, = Bysinfcosf] : m =1, |a| = 0.1

A = -0.17272, Aupprox = -0.17151, ¢* = 0.39758 A = -0.11407, Ayyprox = -0.10212, ¢* = -2.67696
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(a) Varicose mode with A =~ —0.17272 and the approx-
imate eigenmode with Aapprox ~ —0.17151 (n = 2,
¢® ~ 0.39758).

(b) Sinuous mode with A &~ —0.11407 and the approx-
imate eigenmode with Aapprox =~ —0.10212 (n = 3,
¢® ~ —2.67696).

Figure 23: Same as Figure [I(a), but for fast MR waves outside the continuous spectrum. The black dashed
curves illustrate their approximate eigenfunctions S,,,,, /v//. The eigenfunctions have been scaled such that their
amplitudes become comparable to those of their corresponding eigenfunctions which are obtained numerically
from the full eigenvalue problem.
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Ray trajectory [By, = Bysinfcosf] : ksinf = -0.43762, \(y\’l/zA =1

Ray trajectory [By, = Bysinfcosf] : ksinf = -0.87264, |(v\’l/2)\ =1
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(b) Scaled zonal wavenumber k sin 6 =~ —0.43762, and

(a) Scaled zonal wavenumber k sin 6 =~ —0.87264, and
the initial local meridional wavenumber l;,;; = 0.5.

the initial local meridional wavenumber l;,;¢ = 0.25.

Ray trajectory [By, = Bysinfcosf] : ksinf = -0.06871, |a|71/2\ =1
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(¢) Scaled zonal wavenumber k sin § ~ —0.06871, and
the initial local meridional wavenumber linit = 0.25.

Figure 24: Same as Figure [[2, but for fast MR waves. The initial colatitude 6;,;; = 60°.

turning latitudes, at which [ = 0, in the latitudinal direction, while their manners of migration in the longitudinal
direction are complicated by the fact that the radii of the circular contour lines which represent the propagation
properties of the packets belonging to the fast modes depend on the latitude (see Figure [3); when the point
(k,1) corresponding to the dominant local wavenumber of a wave packet is located on the left half of one of the
contour lines, the azimuthal component ¢, 4 of its group velocity is positive (see the cyanish markers in Figures
Z4(a), (b) and (¢)), and conversely c; , < 0 for the points on the right half (see the green and blue markers in
Figures D4(b) and (c)). Since no critical latitudes exist, their behaviours are decidedly different from those of

Alfvén (see Figures [ and [IR) and slow MR waves (see Figure ).

C Discrete eigenvalue buried in the continuous spectrum

We here explain, for the simplest equatorially antisymmetric non-Malkus background field 5 = p, why the
lowermost wavenumber branch of the m = 1 sinuous modes of the fast MR wave has no critical latitudes (see
the upper panels of Figure [[T), and why its branch can penetrate the Alfvén continuous spectrum while being
discrete (see the upper left panel of Figure B). According to Section B, its angular frequency A = —1/2 is
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Eigenfunction [By, = Bysinfcosf] : m =1, |a| = 0.1 Eigenfunction [By, = Bysinfcosf] : m =1, |a| =1
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Figure 25: Same as Figure [I(a), but for the fast MR wave buried in the Alfvén continuous spectrum (the zonal

wavenumber m = 1 and the nondimensional angular frequency A = —0.5).
constant regardless of the value of |&|. When m = 1 and A = —1/2, (9) are simplified as
<1v2 + 1) b = |a|u(VE+6) [sgn(a)d] (50a)
- = la i Sadhul I
2 b i v POHm

222

If both sides of both (B0d) and (B0H) did not vanish, the above equations would be transformed into the same
form as () and inevitably possess critical latitudes 2 = 1/4a2. We, therefore, presume that a solution for
which both sides of (R04) are identically equal to zero exists. Because VﬁPl = —2P}, VﬁP% = —6PJ, and
pP1 = P /3 are derived from (1)), the presumption requires that its eigenfunction is written as ¥ = YlN, 1Pl
and sgn(a)a//pofim = al@N3 P}, where 29112 +6(al?|? = 1and al? /)11 = 2|a|/V/5 (see Figure I9). This
implies that this discrete mode buried in the continuous spectrum is exceptional. On its branch, the equipartition
between MKE and MME occurs only when |a| = /5/12 & 0.6455, and we found that the value agrees with
that which one can read from the colours of markers in the upper left panel of Figure B. Furthermore, we notice
that its angular frequency A = —1/2 satisfies even the approximate dispersion relation (89) for fast MR waves
“outside” the continuous spectrum, since one then has ¢® = 20a? and \;; = 2 + 4. Nevertheless, its (exact)
eigenfunction A/} P} is not identical with the approximate eigenfunctions S11/+// for the fast modes outside
the continuous spectrum (see Appendix Bl).

It should be added, at the end of this appendix, that Wang ef al] (PZ027h) recently studied two distinctive
modes in the same system as our problem. One is the above buried discrete mode (A = —1/2), and the other is
the stationary mode (A = 0) whose eigenfunction is represented as 1/ = 0 and a; o< Pie!? in (80). Their paper
showed that the latter is closely linked to “clamshell instability” (see Section M) and referred to this mode as the
“tilting mode”. On the other hand, we consider that the former is also interesting, because this mode remains
stationary in the non-rotating frame although this is a rotating fluid problem, as shown in Wang ef al] (P027F).
Those two modes are similar in terms of the tilt of a toroidal magnetic field. For the buried mode of the fast
MR wave, the perturbation 1/; in the stream function, which is proportional to P%ei‘f’, makes the imposed field
Byg = Bpsinf cos 0 tilt, hence the perturbation a; oc Piel? in the magnetic vector potential. Such a total
magnetic field does not obviously induce the Lorentz force acting on the perturbation. It should be noted that
the right-hand side of (804) vanishes when sgn(a)a//pofim o P3.

= |alup. (50b)

D Comparison of the numerical results with the Frobenius series solutions

Here, we confirm that the eigenfunctions obtained numerically can be approximated by linear combinations of
the linearly independent Frobenius series solutions (7). Let @Enum be one of the numerical stream functions,
and we fit it into the form C’I@Z;I(C) + C']IJJ](IC) by adjusting the coefficients C1 and C on each side of the critical
latitudes. The fitting procedure is as follows. The colatitude (0 < 6 < 7) is divided into Ny points at even
intervals. On each side of the nearest point of a singular latitude, the Ng,¢, points closest to the point are chosen
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among the Ny points for the fitting. For these points 8; (1 < ¢ < Ngata) either on the equatorial or polar sides,
we may write

Unum (cos 6;) ~ O @ZJ](IC)(COSHZ-) b ¢ and Yuum (cos 6;) ~ O &%C)(cosﬁi)

-0 ~ O -0 ~ O O Gh
Yy’ (cos b;) Yy’ (cos b;) Yy’ (cos b;) Yy (cos B;)

Now, ’QZNJI(C) and 1;](1(3) are approximated by the second-order Frobenius solutions with (I¥). We obtain a candidate
value for each of C7 and Ct from each equation, through least squares fittings of (&Il) with the numpy .polyfit
function of the NumPy library. Thereby we have four candidate values for each of Ct and Cf for one critical
latitude, two from the equatorial side, and two from the polar side. The upper panels of Figure P8 show a result
when we perform this procedure with Ny = 7201, and Ny, = 200 individually for the equatorial (red circles
and solid lines) and the polar (blue circles and dashed lines) sides. These fittings demonstrate that C7 typically
has different values (CI(e) and Cl(p), say) between the two sides of a critical latitude, whilst C has the same
value on both sides. Since Cqy in (T44) can also be written as sgn () [Cl(p) - Cl(e)], our numerical eigenmodes
are consistent with the general results as described in Sections 71l and 4. We accordingly adopt the mean

values of the two candidate values for each of Cl(e) and Cl(p) and four candidate ones of Cf (C’](Ie) = C’I(Ip)) as

their definite values, which are used in the graph comparing @num with Cﬂ%c) + CH@I(IC) (the lower panel of
Figure D8).

The above procedure is also applied to all the continuous modes obtained from our numerical calculations.
Figure 77 depicts their values of sgn () [C’I(p) — Cl(e)] (= Ch, red circles) and Cy (blue circles) for m = 1 and
|a| = 0.1 in the left ordinates as functions of . Their results for the sinuous and varicose modes are shown in
the left and right panels, respectively. Meanwhile, the right vertical axes of these panels represent the numerical
counterpart of (I4d), which is written in the present instance as

(P) _ (e _ 9
S a2y [ ()] 52
This outcome demonstrates that the values of I,,,;,, appear to be compatible with our expectation stated in Section
D; the values are arbitrary numbers and adjusted to satisfy boundary conditions. In addition, we observe that
the value of sgn(uc)[CI(p) - C’I(e)] vanishes at the extremum points of Cp, and that sgn(uc)[CI(p) - Cl(e)] has
extremums at the zeros of Cp. If discrete eigenmodes without logarithmic and step function singularities are
buried in the continuum, the two values must simultaneously vanish. In fact, we attempted to use these values
as a means to reveal buried discrete eigenmodes, though no such eigenmodes have been found.

Lyum = _Sgn(ﬂc)

E Derivations of the ray-tracing equations and their related formulae

This appendix explains detailed derivations of the ray-tracing equations and their related formulae, which were
skipped in Section B. We first introduce the parameter given by s = —sgn (In |a|). Then, |a|® < 1 is always
satisfied regardless of the magnitude of |«|. If we only consider the situation where either |a| > 1 or |o| < 1,
the parameter |«|* becomes sufficiently smaller than unity. Utilising this small parameter, we can express the
separations of the spatial and the temporal scales, as explained in Section B. In other words, with the local
coordinates (¢, ©, 7) and the global ones (¢, 6, T"), we can write

6= la[™?0, @ =lo"Po, T =lafYr, (53)

where p, ¢ > 0.

In such separations, the local coordinates are supposed to be suitable to measure the phase 1, of waves.
The local wavenumber and local nondimensional angular frequency, which may depend only on the global
coordinates, are accordingly defined as

_ 1 aSOL o 1 a(’a‘spso(}) _ sp m
k(9,6,T) = sind 0  siné ¢ = la sin @’ (542)
QL A(la*Pec)
(9,0, T) = = 54b
0 o(|a|®P
A, 0,T) = —% - —\a\s@p)('O‘gT‘PG), (54c)
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Frobenius series solutions vs Numerical solution [By, = Bysinfcosf] : m =1, |a| = 0.1

z1“‘i’num/'[/)¥) = Cﬂ(@)](lp)/lr)I(C)) + CI ﬂbllllxil/v’i[m = CI (UI((‘)/’L/"](I(‘)) + CII
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Figure 26: Comparison between the numerical eigenfunction 1/~Jnum of the sinuous mode with the dimensionless
angular frequency A ~ 0.05006 (the critical latitude . = 59.96° in the northern hemisphere) and linear
combinations Cnﬁl(c) + C'Hi/;l(f) of the Frobenius series solutions () with (IX) when the zonal wavenumber
m = 1, the absolute value of the Lehnert number || = 0.1, and the simplest equatorially antisymmetric non-
Malkus field B = p permeates the system. The undetermined coefficients Ct and Cf are estimated from least
squares fittings of Yyum / @EI(C) = Cp( ~I([C) / 1;1((3)) + Cf (upper left panel) and Ynum / 1;](1(3) = CI(zZ;IC) / 1/;](1(3)) + Cq
(upper right panel) with Ng,¢, = 200 points on the equatorial (red circles and solid lines) and the polar (blue
circles and dashed lines) sides of the critical latitude for Ny = 7201. The lower panel shows 1/~Jnum (black
curve) and CI”(;I(C) + C]IQ;](IC) with Ct and Cf determined by the fittings (red and blue curves) as functions of the
colatitude. The vertical grey shaded area of this panel contains the 2/Vg,, = 400 points used in the fittings.
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Coefficients of the Frobenius solutions [Bys = Bysinfcosf] : m =1, || = 0.1

Sinuous Varicose
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Figure 27: Values of sgn(y.) [Cl(p) - CI(C)] (red circles and the left vertical axes), Cp (blue circles and the left
vertical axes), and I, defined as (B2) (black circles and the right vertical axes), relevant to the coefficients
of the Frobenius series solutions against the nondimensional angular frequency A. The case where the zonal
wavenumber m = 1, the absolute value of the Lehnert number |a| = 0.1, and the simplest equatorially
antisymmetric non-Malkus field B = p is imposed is shown in the left and the right panels for sinuous and
varicose modes, respectively. Ng and Ng,t, are set to 7201 and 200, respectively, in the same way as Figure I8.

where ¢g(6,0,T) (= ¢L(P,0, 7)) denotes the phase function whose independent variables are the global

coordinates. Now we recognise that k, | = O(|a|®) by construction, and that the zonal wavenumber m =

O(]a|~*) measured in the global coordinates is large. This implies that A = O(||*(9~P)), and we introduce

the scaled nondimensional angular frequency Ay = ]a\s(p_‘n)\. In addition, (84)) yield the curl-free conditions
0(ksin0) ol o(ksinf) 0 ol 0

o(-6) 9 o0 20’ T a6 >

If we consider (¢, —0) to be generalised coordinates in analytical mechanics, (k sin 6, 1) and |«|*P g, from (544)
and (64H), correspond to generalised momentums and a generating function, respectively. The first equation of
(B3) is also equivalent to the property {ksin6,l} = 0 of the Poisson bracket. On the basis of these facts, we
may raise the topic of the Hamilton—Jacobi equation

o(|al*Peq)
orT
where Ay is the “Hamiltonian” for our problem. We however will not pursue the solution || of this
equation. Upon comparing (B4d) to (Bf) and treating )\s as an independent variable, we obtain a dispersion
relation in the form

+ My(9,0,k,1,T) =0, (56)

Dy (4,0, T, k,1,0s) = As — My(,0,k,1,T) = 0. (57)

The nondimensional local group velocity with respect to the dimensionless time 7 and the coordinates (¢, —6)
is then written as

9D /2ol k)] s o

Cep = — N = |a*——, (58a)
50 = oD 00 TN g O 0K
[0D3/3(a| =) |ore Y

0= | = |a[ =7 58b

0 = D ool Ay O dl (58b)

Instead of the Hamilton—Jacobi equation (8f), we will solve the ray-tracing equations, which are the counterparts
of Hamilton’s equations in analytical mechanics, in the forms
dgo 0y dg(—0) 0y

sinﬁﬁ— 3% = |a| g4, T = ol = |a| %%y g, (59a)
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dg(ksing) [y dyl “ Oy
ar = ( 30 ; ar + |a| g phcot § = ~ a0 N , (59b)
dgAs  [0Ay
ar <aT >kl (53)

where the material time derivative moving with the local group velocity is expressed as (dg/dT") = (0/07") +
|a| 7*%(¢cg - V). Using the chain rule, one can also get (89H) and (8Yd) from (84), (B3), (Bf), and (BR).

The difference between our ray-tracing approach and standard analytical mechanics is that we do not
initially know an explicit expression of the Hamiltonian. To obtain it, we need to substitute the ansatz 1; =
Re[M (¢, 0, T)e#r(®:0:7)] into the original partial differential equation

02 02 2 93 2 0
O o2 0y = B2—V dsB B d(Bcos#) 0
or2 a ¢ d¢p? df 09200 sinf df  0¢?

] Y1, (60)

which is constructed from the perturbation equations (8). For an arbitrary function f(¢, 0, T"), the relation

1 9(fMel¥r) _[ 1 of f< 1 9lnM

e eyl 5P Mel¥L 1
snf 00 620 T \Gna g Tl k)] o D

and so forth, and nests of these are useful in the above tedious substitution. Then, we find that the leading order
terms of each term in (&0) are O(|a|?*(4=2P)), O(|a|*@=2P)), O(|a|?>~*°P), O(|a|>~3%P), and O(|a|?>~2*P) from
the first term on the left-hand side to the third term on the right-hand side. A plausible balance among them
requires that

2(¢—2p) = q—2p=2s—4p (< 25s—3p < 2s—2p). (62)

We then have s = 1 (Ja| < 1), p = 1/2, and ¢ = 1. Because possible balances for s = —1 do not exist, our
approximation is probably inappropriate for the case where |«| > 1. It follows that the leading order terms
O(]a|?) in (BO) yield the local dispersion relation (BO), or D(¢, 8, T, k, 1, \s) = 0. Solving this relation for A,
we can also obtain (82). Additionally, the next-to-leading order terms O(|a|'/?) are written as

OmMOD 1 dnM3D dlMID
OT 3\, sinf d¢ 0k  0(—0) ol

CONE )] AR ) A [0k d(lsind)]  O(ksing)
oT T sinf |0¢  9(—0) oT
1 JkBZsin?9(k2 +12)] k(B sin®0(k? + 12)]
sin 0 29 sin g 20
K2B2sin?0 [0k  9(Isin0) dB?
oo A eI ek 2 B 5 in2. 63
sin @ {aqﬁ a(—e)] a—e) ™" (63)

It should be noted that this equation is complex at a glance, but conforms to the same rule as the structure that
the counterpart in Brefherfon (T966) has. At last, the novel conservation law (B9) is obtained from (&), (B5),
and (B3) with (&3).

In the remainder of this appendix and Appendix B, we shall set about the steady problem in which wave trains
with specified values of & sin € and Ag uniformly continue to be injected on a line of latitude. The discussion of
the problem will provide the behaviours of the steady trains near critical latitudes, where 2 — oco. Its findings
are also helpful in learning the behaviours of the trains near turning latitudes, at which [ = 0 (see Appendix
B). First of all, consider a region sandwiched between two ray trajectories drawn by the trains injected at two
distinct longitudes (¢ and ¢9, say). This region may be called a “ray tube”. It should be noted that, because
of the symmetry about the axis of rotation, one of the two trajectories can overlap the other by the rotation
|1 — ¢2| about the axis. The distance between the two trajectories along a line of a colatitude 6 is, therefore,
|1 — ¢2| sin §. We then prepare two cross-sections of the tube along two lines of latitude. Let S be the region
bounded by the two sections on the tube. For the steady problem with the uniform injection, the surface integral
of (B9) over .S gives

oD

aD
Ce,—0 sinf = ——|M\251n9 = const. . (64)

ol @
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Then, we obtain |M|? o [I[(A2 — k2B%sin® ) sin 0] ", that is, M = O(|0 — .| ~'/*) near a critical colatitude
6. since | = O(|0 — 6|~/2) (from (Bd)) and A2 — k2B%sin® 0 = O(|6 — .|). This means that steady trains
jam into such a latitude and that their amplitudes increase there. It should be noted that the same is true for an
isolated packet, as shown in the last paragraph of Section B.

For constant values of ksinf and \g, we can get the same expression for |M/| as the above in a different
way. The solution is again redefined as ¢; = Re[1)(0)e¥] with = |a|~1/2(ksin )¢ — |a|'/2 AT, where we
conjecture that 1; can be expressed by the WKBJ (Wentzel-Kramers—Brillouin—Jeffreys) form

0
Y = exp [—i/ L(H*)de*] . (65)

Consequently, we have (di/d(—6)) = iLt). Provided that L = |o| /2] 4+ Ly + O(|r|*/?), the leading order
terms O(|a|?) in the ordinary differential equation (I), which can be written as

S . : _r
led sin 0 g \ oo

A2 — k2B%sin20 d ( qu) ~ Jolsin? dB? dv
df

(66)

d(Bcosf)] -~

_ [k?()\g — k?B%sin® 0) + Ak sin 0 — 2|a|k® sin 0B a0 =10

if we use k and 0 instead of m and p, lead to the local dispersion relation (B0). Its next-to-leading order terms
O(|r|'/?) become the equation for Ly in the form

1dIn|i(\2 — k2B?sin? 0) sin 0|

=3 do (67)
when [ # 0 and A2 # k*B? sin” 6, resulting in
) ! [ —-1/2 1/2
v [1(A2 — k2B2sin? 0) sin 0|1/2 R [|O‘| 1(0+) + O(|a] )} db, ¢ . (68)

The pre-exponent of this WKBJ solution is consistent with |M| in (B4), and ¢ in (B4) is equivalent to
o—la|7V2 [ o 1(0,)d0, as long as we pay attention to the solutions with constant values of & sin 6 and .

F Behaviours of wave packets near a turning latitude

The last appendix is devoted to an investigation into the behaviours of wave packets near turning latitudes, where
I = 0, when |a| < 1 (see also Section B and Appendix B). We here write [2 = (12)'(0 — 6;) + O(|6 — 6¢?) in
the vicinity of a turning colatitude 6 = 6;, where (12) = (dI?/df)|g—s, (and we assume that (I2)’ # 0). If a
packet advances toward its corresponding turning latitude from a nearby latitude 6, it can then reach there in a
finite time

/9t o] . ~ & 2Xsk? + ksin 6 O do.
9 —Co—0(0x) * = 2|(12))1/2(\2 — k2B2sin? 0) 9—0, /0 {sgn [(lg)/] 6, — 9t)}1/2
= 016 - 6:'7?), (69)

and its refraction will occur. The asymptotic expression M = O(|0 — ;| ~'/4) of its amplitude near the turning
latitude is obtained from I = O(|f — 6;|'/?) and (64). In addition, the valid range (&) of the ray theory is
given by |6 — 6¢| > O(|a|'/3). This tempts us into introducing a new stretched coordinate y = |a|~1/30 (with
yi = |a|~1/36y). Ttis to be noted that the scale of  is a little coarser than that of ©, since § = |a|"/3y = |a|'/26.
The WKBJ solutions (BR) are then valid in the range O(|a|®) < |y — w|; in particular, the solutions near the
turning latitude within the range O(|a|®) < |y — y:| < O(|ar|~/?) are written as

Y~

C .2 2111 (y3/2 _ y3/2
(o V2|2 [SY TA[(32 — k2B sin? 0) sin 0]1/2 7 {_lgsg“ ) (v -v”) g ao
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where C and Y} are constants and Y = |(12)'|~%/3(12)’ (y — v ). The signs of (12)’ and the meridional component
|a|(As/1) of the phase velocity determine whether the packet is the incident (I(12)'/\s > 0) or reflected waves
(I(13)' /s < 0). It should be noted that the scaled stretched coordinate Y is always positive in the oscillatory
region (% > 0.

When y—y; = O(|a|?), the above approximation breaks down. This is because iLg ~ (1/2)(dIn|l|/df) =
O(]0 — ;| ") is of the same order of magnitude as || ~'/21. To match an incident wave with its corresponding
reflected one at its corresponding turning latitude y = y;, we need to return to the original equation (Bf).
Without introducing (B), we substitute the Taylor expansion of (B3H) around the turning latitude in the form

Ak sin 6

K = gty = W0 =00 + 016 - 6) (71)

into (BA), and use the variable Y to take the dominant terms at # — 6; = O(|a|'/3). We thus obtain

d2y
d(-Y)?

= (~Y)y + O(|of'/?), (72)

which is the Airy differential equation (e.g. Abramowitz and Stegun, T964). Because ¢ should vanish as
Y — —oo (evanescent), the equation has Y =C 'AAi(—Y) as its solution, where Ai denotes the Airy function of
the first kind and C is a constant. We now require that the asymptotic expression for this solution as Y — +oo
(< O(Ja|~1/3)), which is given by

. 1 2.3/ T

should match the sum 1&1 + 1), of the incident (C = C;, say) and reflected (C' = C4, say) waves (Lighthill, T97R).

It follows that, if C; = C; (total reflection), we have (2/3)Yy/? = Nym + (m/4) (Ng = 0,+1, 42, ...) and
Ca 2/7t(—1)No

— = . 74
Ci | /22|(12)/[V/5](A2 — k2B sin® ) sin 0] /2 (7%

These expressions constitute consistent solutions to the incident, reflected and evanescent waves across a turning
latitude.

We have a by-product of the above study of the matching of solutions. The expression of the constant Yj
of integration, or the phase shift 7t/4 in (Z3), implies the existence of the quantization condition of waves that
have no critical latitudes (which include waves under the Malkus background field B = 1, and fast MR waves
for the simplest equatorially antisymmetric non-Malkus field 5 = cos ¢). The condition is expressed as

Ot2 B2 Y 2 1
|a|1/2/ l1]do = / S a9 = (N+2 ) (N=0,1,2,..), (75)
o A 2

0e1 sin2 0

where 12 > 0 throughout the range 6;; < 0 < 62 between two different turning colatitudes 6;; and 6;5. For
B = 1, we use the substitution 2 = cos §/+/sin% 6 — (A2 — m2a2)/(—\/m) to calculate the integral, getting

) 1
71( —Azmw—|m> - <N+2)7t. (76)

Letting n = |m| + N, we obtain an approximate formula for the dispersion relation () in the form

—m £ my/1+42[n(n+ 1) + (1/4)2
2[n(n+ 1) + (1/4)]

As expected, the larger the value of n is, the more accurately the above formula approximates the relation ().

Next, we proceed to the case where B = cos . If we perform the substitution = cos §/1/sin?  — k=2, where
k2 = (=A/m —m?2a?)/(A\? — m?a?), the condition (IZ5) becomes

/ mA 5 [ dz B 1
(1+mA) T2 mza2” /_oo (22 + K2)/ (22 + 1) (22 + (—mA)K2) a <N " 2) ™ 78)
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Figure 28: Path of integration for the integral (Z9). The contours Cj, C; and C are represented as thick black
curves. The black and red circles are poles and branch points, respectively, and the red lines correspond to
branch cuts. The integral in (Z8) must be evaluated along the path represented as the cyan line.

It should be noted that, in the above equation, either 1 < (—mA)k? < k% or 0 < (—mA)x? < 1 < k? holds,
because we find that 1 + mA\ > 0 during the derivation of (IX). To evaluate the integral in (Z8), we consider
the integral of a complex-valued function of z (= x + iy) in the form

dz
j{JU (22 + RZ)\/(Z2 +a?)(22 4+ b?)
dz
jiﬁ@ (22 + K2)\/(22 + a?) (22 + b?)
o 1 : b dy
- it ((z? F RV +a2><z2+bz>’”“> w2 &PV DB P

_ s
K/ (K2 — a?) (w2 — b?)
2 1 dv 2a? 1 dv
" H%/o VI =02)(1 = 02) T (e — a?) /0 (1 —xv2) /(1 =021 —y?)’

(79)

where a = min(1, vV/—mMk), b = max(1,vV/—mMk),y = 1 — (a/b)?, and x = yx%/(k% — a?). In addition, the
contours Cy, Cy and C» of integration are shown in Figure IR, and the substitution y = ab/+/b? — (b% — a?)v?
has been used in the last equal sign of (4). When the radius of the semicircle bounded by the contour Cj
goes to infinity, the left-hand side of ([9) becomes equal to the integral in (Z8). Because the integrals in the
rightmost side of (I[9) are the complete elliptic integrals of the first and third kinds for the elliptic modulus ~ and
the characteristic x (e.g. Abramowitz and Stegun, T964), its calculation requires a numerical method. Figure
shows the approximate angular frequencies obtained from (IZ8), the calculation of which was performed by
the scipy.optimize.fsolve and the scipy.integrate.quad functions of the SciPy library. The condition
(I@) will provide the approximate dispersion relation for discrete modes when any basic field is imposed and
can be utilised for the check of the numerical calculation of the full eigenvalue problem for such a field.
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Dispersion relation [Bys = Bysinfcos] : m =1
" Sinuous, Retrograde (A < 0) " Varicose, Retrograde (A < 0)
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Figure 29: Same as Figure 22, but for the approximate dimensionless angular frequencies Aapprox calculated by
the approximate dispersion relation ([ZR) instead of (E9).
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